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Copper wires were bombarded with 12-Mev deuterons at low 
temperatures. The wires were then allowed to anneal isothermally 
at successive temperatures from —185°C to +167°C. Recovery 
of the electrical resistivity increase, produced by the bombard- 
ment, was observed at all temperatures. The annealing curves 
obtained for temperatures between — 185°C and —60°C were of 
such a character that only a number of processes with different 
activation energies could account for them. One-half of the re- 
sistivity increase recovered in this range. The activation energies 
obtained were observed to be proportional to the absolute tem- 
perature. A value of 0.44 ev was found near — 100°C. Above — 60°C 
the annealing behaved as though it were a single process with a 
unique activation energy. This process accounted for 25 percent 
of the increased resistivity and had an energy of 0.68 ev. At room 
temperature 25 percent of the increase remained, and further 
anneals to temperatures as high as 167°C produced only an addi- 
tional 4 percent recovery. 


I. INTRODUCTION 


HE experiments described here were undertaken 

as part of the general program of the radiation 
damage group at Illinois in studying the basic proper- 
ties of the lattice imperfections introduced into metals 
by bombardment with fast particles. Many of the 
physical properties of a metal are altered by the presence 
of such imperfections, but changes in electrical re- 
sistivity are perhaps the easiest to study experimentally. 
Previous work! has shown the amount of resistivity 
changes resulting from irradiation and the fact that 
most of these changes anneal out at low temperatures. 
The types and quantities of lattice defects needed to 
account for the observed changes cannot be settled 
without more detailed investigations, both experimental 
and theoretical. Interstitial atoms and vacancies are 
certainly among the defects produced during bombard- 
ment,” but the effect of such defects upon the electrical 
resistance of a metal is not known accurately. 


* This research was supported by the U. S. Atomic Energy 
Commission. 

1 Marx, Cooper, and Henderson, Phys. Rev. 88, 106 (1952). 

2 F. Seitz, Disc. Faraday Soc. 5, 271 (1949). 


Detailed analysis of the data suggests that the single process 
occurring above —60°C is the result of the annihilation of inter- 
stitial atoms and vacancies that are produced by the irradiation. 
Slight deviations of the recovery rate from that expected of such 
a second-order process were observed and could be explained as 
the effect of elastic strains introduced into the lattice by inter- 
stitial atoms. The effect of such lattice strains on the rate of 
vacancy migration was calculated and found to have sufficient 
magnitude to explain the data. The results also suggested that the 
low temperature recovery is due to the correlated annihilation of 
very close interstitial vacancy pairs, the low activation energies 
being due to large elastic strains in the immediate vicinity of an 
interstitial. A further result, which can be derived from the 
activation energy for self-diffusion in copper, is that the energy of 
formation of a vacancy is 1.39 ev. 


The present annealing studies were planned with the 
hope that they might shed some light on these general 
questions. Copper was chosen for bombardment because 
it has been the subject of much theoretical study and 
was most suited to the special experimental techniques 
employed. The specimens were bombarded by 12-Mev 
deuterons in the Illinois cyclotron and were then trans- 
ferred to the laboratory for subsequent anneals in 
various constant temperature baths. The changes in 
electrical resistance with time were measured during 
each step of the thermal treatment. 


II. DESIGN OF SAMPLES 


The increase in electrical resistivity resulting from a 
bombardment of 10'7 deuterons/cm? is about 7-10°8 
ohm-cm. At any one temperature, only a fraction of 
this increase will anneal out, so that it is desirable to 
have a sensitivity of 10-"' ohm-cm. Temperature fluc- 
tuations of 0.1°C will cause variations in resistivity of 
about 10-* ohm-cm. If ordinary potentiometric tech- 
niques are used for such measurements, it is clear that 
such temperature fluctuations will mask the small 
effects that are of interest. 
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Schematic diagram of a bombarded specimen and the 
bridge circuit used in the resistance measurements. 
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A bridge method was employed in order to eliminate 
the effects of temperature variations. The bridge was 
constructed by spot welding a 10-mil copper lead to a 
5-mil copper wire. Both ends of the 5-mil wire were then 
bent over sharply at a distance of one inch from the 
spot weld. The two halves of the 5-mil wire then formed 
two arms, R, and R,, of the bridge circuit shown in 
Fig. 1. The lead wires shown in the figure were soldered 
to the specimen after the section R, had been bom- 
barded in the cyclotron. The solder connections were 
made while the sample remained in liquid nitrogen by 
letting only the ends protrude above the surface. The 
bombarded section of R, was 4 inch in length and did 
not warm up during the soldering operation. The lengths 
of the two arms, R, and R,, were equal to better than 
1 percent in all cases. Therefore, temperature fluctua- 
tions caused almost equal variations in the resistance 
of the two arms, so that the balance of the bridge was 
not affected. 

The other two arms of the bridge consisted of iden- 
tical decade boxes. R, was fixed at 450 ohms whereas R2 
was varied in 0.1-ohm steps. A Perkin-Elmer dc breaker 
amplifier was used as the detection device because of its 
high sensitivity and speed. The output of the amplifier 
was filtered and fed into a standard zero center milli- 
voltmeter, which was used to interpolate between the 
settings of Ry. Each arm of the bridge carried 0.04 amp, 
so that a resistivity change of 10~" ohm-cm in the 
bombarded wire produced a signal of 4X10~* volt, 
which was detectable. Stray emf’s were eliminated by 
zeroing the amplifier with the bridge current off. 


III. TEMPERATURE BATHS 


The constant temperature baths were controlled with 
a standard bimetal thermoregulator. Between — 125°C 
and —70°C the baths were of pentane and were cooled 
by a glass tube filled with liquid nitrogen. Between 
— 70°C and room temperature the baths were of acetone 
and were cooled with a tube of dry ice. Light paraffin oil 
was used for baths above room temperature. 

‘Temperatures were measured with a calibrated five- 
junction copper constantan thermopile. The tem- 
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perature fluctuations of all the baths were several 
hundredths of a degree about the mean. 


IV. TRANSFER OF SAMPLES 


During bombardment, the samples were fixed to a 
target block, supported by a flask of liquid nitrogen. 
The samples were pressed against the target block at 
their upper ends by spring arms from a rotating shaft. 
Torque was applied to this shaft by a length of fuse 
wire. A small Dewar flask was placed inside the vacuum 
cryostat just below the samples. After bombardment 
this small Dewar was filled with liquid nitrogen from 
a transfer system entering through the bottom of the 
cryostat. The fuse wire was then blown out and the 
samples fell into the liquid nitrogen. They were then 
removed from the cyclotron and stored in liquid nitro- 
gen until the annealing studies were made. A small 
light was mounted inside the cryostat, and the entire 
transfer operation could be observed through an optical 
port. 

A thermocouple was attached to one of the samples 
that was mounted in the foregoing way so that the 
temperature history of the samples could be recorded. 
The thermal junction was made at the lowest point of 
the sample which was still in the deuteron beam. The 
temperature of this point was — 165°C with the beam 
off and — 145°C with the beam on. When liquid nitrogen 
was admitted into the Dewar flask, the temperature 
rose to — 100°C for several seconds and then dropped to 
—130°C for about one minute, at which time the 
samples were dropped. The effect of this short thermal 
pulse was found to be unimportant. It was necessary, 
however, to precool the transfer system in order to 
prevent a large thermal pulse at the beginning of the 
transfer. The cryostat had to be opened to air at this 
time in order to permit the flow of liquid nitrogen. 


V. PROCEDURE 


The copper wires to be bombarded, which were 99.99 
percent in purity, were annealed in a high vacuum at 
400°C for five hours. They were then attached to the 
target block as described in Sec. IV. 

In addition to the wires to be dropped, one specimen 
was fixed permanently to the cooling block so that elec- 
trical measurements could be made during the irra- 
diation. This wire was in contact with the cooling 
block at its lewer end and insulated by a }-mil mica 
strip at its upper end. Copper constantan thermal 
junctions were spot welded near the upper and lower 
ends, and the copper leads of these junctions also 
served as potential leads for resistance measurements. 
The potentiometric techniques used on this sample 
were those described previously! with the current, the 
IR drop, and the two temperatures being measured 
simultaneously. The cooling of this specimen was quite 
efficient, since its temperature was about — 180°C with 
the beam on and six degrees colder with the beam off. 
After the main deuteron bombardment the increased 
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resistance of this sample was observed to anneal appre- 
ciably at —185°C. A short rebombardment was then 
made in order to study the effects of thermal annealing 
on the bombardment data. 

The deuteron flux was measured by a current inte- 
grator attached to the target block. The necessity of 
dropping the samples precluded the use of a Faraday 
cage so that absolute values of the flux had to be 
estimated by comparison with previous data.' An addi- 
tional check was provided from the induced Zn*® 
activity in the copper specimens. After the bombard- 
ment was completed, the samples were transferred to 
the laboratory according to the procedure described in 
Sec. IV. 

Connections to the bridge circuit were made as shown 
in Fig. 1 and described in Sec. II. Each sample was 
annealed at successively increasing temperatures. The 
time of anneal at any one temperature varied from one 
to three hours, and about 30 measurements of Rz were 
made for each anneal. The resistance, R,, of the un- 
damaged half of the sample, which formed one arm of 
the bridge, was measured at every temperature by 
potentiometric methods. It was therefore possible to 
determine the absolute changes in resistance of the 
irradiated section. Let r be the resistance increase in 
the bombarded wire due to the radiation damage, and 
let ¢ be the time. The variation in r with time at a fixed 
temperature is then given by 


dr/dt=(R,/R,)dR:/dt. (1) 


Since the resistance r is independent of temperature, 
as is shown below, it is possible to determine the value 
of r at every stage of the thermal treatment. Let R,, 
R,, and R, be the measured values at the last point of 
one temperature anneal and R,’, R,’, and R,’ be the 
values for the initial point of the next temperature 
anneal. Since the contribution of the natural resistance 
(thermal and impurity) to R, is proportional to R,, 
we have 

(R,—1)/Rz=(R,’—1)/Rz’. ¢ (2) 
From (2) and the bridge balance conditions for both 
temperatures, we find 


r= R_R,'(R.— R2')/R,(R,’— R,). (3) 


The changes in r for an anneal at one temperature as 
determined from (3) were consistent with the values 
obtained from the integral of (1). 

The experimental agreement obtained between values 
from (1) and (3) for the total amount of recovery can 
be used to show that Matthiessen’s rule is valid for the 
resistance due to radiation damage in the temperature 
range from —125°C to room temperature; that is, r is 
independent of the temperature, 7. In order to demon- 
strate the importance of such agreement, let us assume 
that between —125°C and room temperature r has the 
temperature dependence 


r=r(1+aT). 
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Then, we would compare changes in 1, so that (1) 
would be replaced by 


dro ‘dt= R,(dR2 ‘dt) R,(1+a7T). (4) 


Equation (3) would be replaced by 


ro= RR, (Ro— R2’)/R,(R,’— Rz) (1+ 46). (5) 


Here 

b=(R,'T—R,T"’)/(R,'—R,). 
The value of 6 was calculated and found to be about 45 
for all temperatures, and 7 was about 220°K on the 
average. Thus, values for the recovery obtained from 
(4) would be divided by an extra factor (1+ 220a), 
whereas values from (5) would be divided by a factor 
(1+ 45a). The differences introduced by these extra 
factors would cause a discrepancy of 4 percent in the 
computed recoveries if a were as large as 0.0002. Such 
a disagreement would have been apparent, so that we 
can conclude that Matthiessen’s rule obtains, or at least 
that a is less than 0.0002, and that (1) and (3) are suf- 
ficient for the analysis of the experiment. 

Activation energies were calculated for each stage of 
the recovery process from the ratio, R, of the initial 
value of dr/dt at a given temperature and the final value 
of dr/dt for the preceding temperature. Since dr/dt is 
proportional to exp(— £/KT), we have: 


E=KTT'(logR)/(T’—T). (6) 


This method of determining activation energies has the 
advantage that it depends only upon the data from a 
single sample; that is, r is known to be the same for 
the two reaction rates involved. 


VI. RESULTS 


The increase in resistivity of copper as a function of 
deuteron flux is shown in Fig. 2 for the sample which 
was mounted permanently to the target block and 
which was cooled to — 180°C during the bombardment. 








RESISTIVITY, 10° OHM-CM 


rm n sll 
4 6 8 
FLUX, 107 DEUTERONS / CM? 
Fic, 2. Resistivity increase versus deuteron flux at a tempera 
ture of — 180°C. The decrease at a flux of 10'’ was due to thermal 
recovery. 
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Fic. 3. Isothermal annealing curves from a single specimen at 
temperatures between — 123°C and room temperature. 


The beam intensity was about 10'® deuterons/cm* per 
hour (4:10°* amp/cm*) so that the bombardment 
lasted over five days. The bending of the curve at a flux 
around 0.1 10'? deuterons/cm? should be noted. The 
initial slope is larger by about a factor of 4 than the 
slope of the remainder of the curve. 

At a flux of 1.0 10"’ the bombardment was stopped 
and the temperature of the wire dropped to — 185°C. 
Appreciable annealing was observed at this tempera- 
ture, and 6 percent of the increase recovered after 22 
hours. A short rebombardment was then made and the 
resistivity again increased rapidly at first and appeared 
to bend (Fig. 2) into the extension of the initial bom- 
bardment curve. 

This behavior suggests that irradiation introduces 
lattice imperfections which anneal out at liquid nitrogen 
temperatures and below. Thus, when bombardment 
begins, the number of such imperfections increases to a 
steady-state value determined by the rate of bombard- 
ment and the rate of thermal recovery. Within experi- 
mental error, all of the initial bending appears to be due 
to such mechanisms. Annealing effects from the bom- 
barding particles and their attendant thermal spikes 
need not be postulated to explain this bending. Although 
recovery effects due to thermal spike action probably 
occur, they do not appear important in copper at 
deuteron fluxes of 10'’. Experiments at liquid helium 
temperatures should be decisive with regard to these 


questions. 

An activation energy was estimated for annealing 
processes around — 180°C from the rate of the — 185°C 
anneal and the rate of bending on bombardment. A 
value of 0.20 ev was obtained. 

Typical recovery curves obtained for anneals in the 
constant temperature baths are shown in Fig. 3, which 


OVERHAUSER 


is the data from a single specimen. The feature that 
should be noted in the temperature region below — 60°C 
is that each successive increase in temperature produces 
about the same additional recovery. Such behavior 
indicates that there are several processes taking place, 
since the characteristic of a single thermally activated 
process is that recovery occurs in a relatively narrow 
temperature region, the rate being very small at lower 
temperatures and the process being exhausted at higher 
temperatures. Recovery in the temperature region near 
— 30°C appears to have this behavior. 

A plot of the activation energies obtained from 
several samples by Eq. (6) is plotted in Fig. 4 as a func- 
tion of the temperature at which each value was deter- 
mined. This data gives further indication that below 
— 60°C recovery is due to several processes with dif- 
fering activation energies. Those processes which have 
smaller energies cause recovery at lower temperatures, 
which is to be expected. The observed activation energy 
can represent, therefore, only an appropriate average 
value for the active processes at a given temperature, 
and may depend slightly upon the history of the sample. 
As is shown in Fig. 4, the energy observed at a given 
temperature is roughly proportional to the absolute 
temperature and is 0.44 ev at —100°C. On the other 
hand, the energy is constant in the vicinity of — 30°C, so 
that this recovery appears again to be due to a single 
process. The activation energy obtained here is 0.68 
+0.02 ev. 

One specimen was annealed at — 18.3°C immediately 
after an anneal at —90°C, so that a complete recovery 
curve was obtained for the process that is active around 
— 30°C. The experimental points for this anneal are 
shown in Fig. 5, and they are fitted with a curve which 
satisfies the equation 


d(r—ro) /dt= —A(r— ro)". (7) 
Here, 179 is the resistivity increase due to irradiation 


that remains after this single annealing stage is com- 
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Fic. 4. Activation energy of the recovery process as a function 
of the temperature. The solid line is drawn through absolute zero. 
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pleted. Since the rate of recovery varied by a factor of 
200 during the process, it was possible to determine 
accurately (to 0.1) the best value of n in (7). The best 
fit obtained was with m= 2.5, and this curve is shown in 
the figure. This function, (r—ro), has the value 1.96- 10~* 
ohm-cm at ‘=0, which means that this unique recovery 
process accounts for 25 percent of the total resistivity 
resulting from radiation damage at — 180°C. 

In order to test further the hypothesis that annealing 
near —30°C is due to a single thermally activated 
process, a plot of the total recovery during the first 100 
minutes at each successive temperature was made as a 
function of temperature from the data of one specimen. 
The points obtained are shown in Fig. 6, and the peak 
that would be characteristic of a single process is quite 
prominent. A calculation was then made for the values 
that such a single process would yield if it had suffered 
the same thermal treatment as the specimen. The 
constants used were those determined from the curve in 
Fig. 5 and the experimental activation energy of 0.68 ev. 
The solid lines in Fig. 6 connect the computed points 
and account entirely for the behavior in this tempera- 
ture region. 

The horizontal dashed line at the low temperature 
end of Fig. 6 indicates the average value at which 
similar points would have to be located in order to 
account for the observed recovery between — 180°C 
and — 100°C. The fact that the first two experimental 
points fall below this line is likely due to the short 
thermal pulse that occurred at the beginning of the 
transfer process from the cyclotron. 

After room temperature anneals, 25 percent of the 
total resistivity increase remained. Further anneals to 
temperatures as high as 167°C produced only an addi- 
tional 4 percent recovery. The soft solder connections 
weakened at higher temperatures. 
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Fic. 5. Isothermal annealing curve for a specimen that was 
brought to —18.3°C after an anneal at —90°C. The solid curve 
is a solution of Eq. (7) of the text with n=2.5. 
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FG. 6. Resistivity decrease during the first 100 minutes at each 
successive temperature for a single sample. The solid lines joint 
points that were computed for a single process with an activation 
of 0.68 ev. 


VII. DISCUSSION 


The shapes of the recovery curves above —40°C 
suggest that recombination of the interstitial atoms and 
vacancies, produced by the bombardment, occurs at 
these temperatures. Such annihilation will take place 
if either the interstitials or the vacancies, or both, begin 
to diffuse. Experiments on the quenching-in of lattice 
vacancies’ in gold indicate that the vacancies begin to 
diffuse around —20°C. Experiments‘ on cold-worked 
copper and gold show that a stage of annealing in gold 
begins around — 20°C, whereas the corresponding re- 
covery in copper begins at about —40°C. These results 
suggest that the unique recovery process in irradiated 
copper is due at least to the migration of vacancies, and 


we shall assume for the purpose of discussion that the 
interstitial atoms are still stationary during this process. 

Interstitial atoms and vacancies are produced in 
equal numbers by the bombardment. Let f be the 
atomic fraction of each. When the vacancies begin to 
migrate, we would expect the rate of annihilation to be 
governed according to a second-order process 


df/di= —cf”. (8) 


Here, c would depend only upon the temperature. One 
might think that the possibility of vacancies colliding 
with each other to form divacancies would complicate 
matters. Theoretical estimates indicate that a divacancy 
would be stable, and also that the activation energy for 
motion of a divacancy would be about half the value 
for a single vacancy. A divacancy would then diffuse 
through the metal at a faster rate, by a factor of 10° 
or more, until it collides, perhaps, with an interstitial. 
The net result of the formation of a divacancy then, is 
the almost immediate annihilation of an interstitial, so 
that such processes can probably be neglected. The 
electrical resistance due to the interstitials and vacan- 
cies is proportional to f, so that we would expect the 
recovery to be described by (7) with n=2. We found 
however that n=2.5 provided a better fit in Fig. 5, 
and it also gave a better description of the observations 
in Fig. 6. We shall show that (8) should not apply, 

+ J. W. Kauffman and J. S. Koehler, Phys. Rev. 88, 149 (1952) 

‘J. A. Manintveld, Nature 169, 623 (1952). 
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except for very small concentrations, and that the 
correct expression is 


df/dt= —cfrel, (9) 


The extra exponential factor is due to the influence of 
elastic distortions produced by interstitial atoms on the 
migration of vacancies. The experimental curves are 
very well described by (9) if the value of bf is 0.8 at the 
beginning of the recovery process. The possibility that 
the extra steepness at the beginning of Fig. 5 may be 
due to the tail of the low temperature processes can be 
excluded, since the temperature of this anneal was suf- 
ficiently high that such processes (of lower activation 
energy) would have gone to completion in several 
minutes. 

Vacancy migration results when adjacent atoms 
jump over the intervening potential barriers of height E, 
equal to the activation energy. The presence of other 
elastic strains will cause these potential barriers to be of 
different heights, and the net result is an increase in the 
average jump frequency. The elastic strains due to 
interstitial atoms in copper are about five times larger 
than those due to vacancies,® so that the latter can be 
neglected in comparison to the former, especially since 
the result depends upon the square of this magnitude. 

The elastic displacement due to a spherical singularity 
in a homogeneous, isotropic, infinite medium is 


u= ga'*r/r’, (10) 


Here, g is a dimensionless constant and we will let a 
be the lattice constant. The tensile strain along a line 
that makes an angle @ with the vector r is essentially 
the derivative of (10) and is given by 


s= ga*(1—3 cos’6)/r’°. 


Let us assume that there are N interstitial atoms per 
cc and that the volume is V, so that the total strain 
at a given point and in a given direction is 


(11) 
i=l 
Since the divergence of (10) is zero, the compressive 
strain throughout the material is zero and the con- 
tributions to (11) will be positive as often as negative. 
Therefore, the probability distribution in S will be 
symmetric about S=0, and we shall estimate the 
second moment of the distribution. We have: 
S2=>° s;s;. 
%.7 


The terms with 7+ j will average to zero, and we obtain: 
(S*) y= (4/5) g?a®N V (1/18) wv. 
In order to estimate the average of 1/r® we must 


introduce a cutoff at some distance ro, of the order of 
magnitude of the lattice constant, which can be inter- 


6G. J. Dienes, Phys. Rev. 86, 228 (1952). 
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preted as the minimum distance of approach of an 
interstitial and vacancy such that annihilation does 
not necessarily result. Then 


(1/79) y= 42/3V 73. 


We shall represent the distribution in S by a Gaussian 
function with the above second moment. 


P(S)= (8/2)! exp(—8S?). (12) 


The coefficient B is: 


B= 151r9°/1282g"a' f. (13) 


We have replaced V by 4f/a*. We will need to know 
the joint probability function for the tensile strains S, 
and S, in two perpendicular directions at a given point. 
This distribution function P(S,,.S,) will not be the 
product of two factors corresponding to (12) since the 
strains are not independent; they are related by the 
condition that the compressive strain in zero. One can 
show that the required function is 


P(Sz, Sy) = (2B/xv3) 
Xexp[—A(S:+-S,)*— (8/3)(S:—Sy)*]. 


We must now estimate the change in barrier height 
caused by the presence of the elastic strains. This 
variation in the height of the saddle point over which 
the atoms must jump will be due mostly to changes in 
the ion-ion repulsive interaction which, in copper,® can 
be represented by a potential of the Born and Mayer 
type: 


(14) 


U=De-"®, (15) 


If the migrating atom must jump between two atoms 
which are separated by a distance L, then the change in 
height of the saddle point due to a strain S along L is 


AE=—RkS. 
The constant & is determined from (15) and is 


k=(DL/R)e~"”", (16) 


In copper the atom must jump between four atoms 
at the corners of a rectangle. The angle between the 
diagonals of this rectangle is a= 2 tan~'(1/V2), and the 
length of the diagonals is 1 = (3)!a. If we let the x and y 
axes lie in the plane of this rectangle so that they bisect 
the angles between the diagonals, then the change in 
barrier height due to elastic strains is 


(17) 


The probability of jumping over the barrier will then 
be altered by the factor: 


AE= —2kS, cos*(a/2)—2kS, sin?(a/2). 


F=e AE/KT 


We must average this factor over the distribution in 
elastic strain. 


P= f P(S,, S,)e~**'* TdS dSy. 
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Evaluation of the above integral using (14) and (17) 
gives 


P= exp[+k(1+3 cos’a)/48K27?]. 


We have shown, therefore, the presence of the ex- 
ponential factor in (9), and from (13) the coefficient is 


b= (128m /45)(gk/KT)2(a/r0)*. (18) 


This value for 5 is not completely correct because the 
medium is not infinite as was assumed in describing the 
elastic strains by (10). One can show that a random 
distribution of singularities of concentration f in a 
bounded medium requires a pressure on the boundary 
if the elastic displacements are to be described by (10). 
The correct description of the elastic strain, then, is 
given by the previous solution, (11), plus a uniform 
volume expansion corresponding to a relaxation of the 
surface pressure. One can show that a uniform volume 
dilatation results of amount® 


AV/V=l6ryef. (19) 


Here, ¥ is given by 
y= 2(1—2u)/(1+u), 


where yu is Poisson’s ratio. The additional linear elastic 
strain is one-third the value of (19), so that the barrier 
heights are lowered by (322/3)ygkf. The complete ex- 
pression for the coefficient b in (9) is then 


b= (1282/45) (gk/KT)*(a/ro)? 


+ (32ry/3)(gk/KT)(1—3A), (20) 


where \=exp[ — (2—v3)a/2v2R ] and accounts for the 
lowering of the barrier minimum due to the same 
dilatation. 

In order to test whether (20) is of the correct mag- 
nitude to explain the observations, we must know the 
concentration fo of interstitial atoms involved in the 
single annealing process. Estimates of the resistivity due 
to vacancies vary from? 0.4X 10° ® ohm-cm to* 4.3X 1078 
ohm-cm per atomic percent. If we assume that intersti- 
tials have the same resistivity, then fy would be between 
0.231074 and 2.5X10~*. For copper, a= 3.6A; D and 
R are determined from the elastic constants’ and are 
5.64 10* Rydbergs and 0.284 Bohr unit, respectively. 
The relaxation of atoms around an interstitial has been 
estimated® and gives a value for g of 0.06 if the calcu- 
lated displacement of the cube corners is used in (10). 
If we let ro/a=1, then (20) gives a value for 6 of 6X 10°, 
which is of the correct magnitude since 6 fy was observed 
to be 0.8. The second term in (20) is unimportant for 
this case since gk/KT is about 25. 

The preceding theory is necessarily approximate, but 
it indicates that lattice strains resulting from an inter- 


® The author is grateful to Dr. J. D. Eshelby for pointing out 
the existence of this extra term. 

7D. L. Dexter, Phys. Rev. 87, 768 (1952). 

’Ir. P. Jongenburger (to be published). 

*H. B. Huntington and F. Seitz, Phys. Rev. 61, 315 (1942) 
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stitial concentration of 0.01 percent can increase the 
rate of vacancy migration to a noticeable degree. Recent 
experiments'® have shown that 1 percent of lead im- 
purity enhances the self-diffusion in silver by a factor 
of 2. It appears that this effect can also be explained by 
the foregoing theory. The fact that the concentration 
of impurity atoms must be 100 times that of inter- 
stitials to produce comparable effects is due to the 
smaller relaxation of the neighboring atoms about a 
substitutional impurity as compared with an inter- 
stitial. It should be noted that the second term in (20) 
will be of the same magnitude as the first in the case 
of impurities, and that it will be negative if the impurity 
atom is smaller than the surrounding atoms. 

We must consider next the origin of the recovery 
processes that occur at low temperatures and which 
account for 50 percent of the resistivity increase due to 
damage at —180°C. It seems probable that most, if 
not all, of this recovery is due to the recombination of 
very close interstitial vacancy pairs, as has been sug- 
gested previously.' It is to be expected that such closely 
spaced pairs will be produced in large numbers by the 
irradiation since most of the damage is due to secondary 
and tertiary knock-ons whose initial energy is relatively 
small and is dissipated quickly to lattice vibrations.” 

A few considerations will show that such an hypoth- 
esis can account easily for the observed behavior. 
Consider an interstitial atom in the body centered 
position of a unit cell. A vacancy at the face centers or 
corners of the same cell would probably not be stable. 
However, in the adjacent cells which have a face or an 
edge in common with the interstitial cell, there are 
126 vacancy sites available, and these are of six different 
varieties. Furthermore, the lattice strains in this im- 
mediate vicinity are sufficiently large to lower the 
barrier heights several tenths of an ev. The annealing 
would therefore occur in several stages and a distribu- 
tion in activation energies would result. The data in 
Figs. 3 and 4 are in accord with this view. More positive 
evidence is provided by Fig. 6, which indicates that the 
single process due to volume diffusion and annihilation 
is superposed on a background of other recovery 
processes. The striking feature is that the background 


disappears when the single process takes over, as would 
be expected of a transition from correlated annihilation 
to annihilation by true volume diffusion. On the other 
hand, this feature would be only a coincidence if the 
low temperature annealing were due to processes of an 
essentially different nature. 

Finally, we must consider the resistance that re- 


mained after anneals at and above room temperature, 
which accounted for 25 percent of the total increase. 
At present one can only speculate about the nature of 
the lattice imperfections that are responsible. A possible 
explanation is that this damage is caused by thermal 


oR. Phys. 23, 1409 


(1952) 


EK. Hotfman and D. Turnbull, J. Appl 
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spikes which result from the energy loss of the bom- 
barding particles and their knock-ons. This action 
causes a region along the path of the particle to be 
quickly melted and quenched, so that small disordered 
areas that would anneal only at recrystallization tem- 
peratures may result occasionally. Some of the residual 
resistance may be due to interstitials that were not 
annihilated as a result of vacancies being trapped at 
other lattice imperfections. Then, Eq. (8) would have 
to be replaced by 


df/dt ~cf(f+a), (21) 


where a@ is the initial concentration of vacancy traps. 
Since (21) resembles a first-order process if a is appre- 
ciable, the best value for m in (7) would have to have 
been closer to 1 if such processes were of major im- 
portance. 

It is of interest to compare the annealing of damage 
due to irradiation with that due to cold work. Recent 
isothermal annealing experiments on copper that was 
cold worked at liquid helium temperature" have shown 
that recovery of the resistivity occurs in two tem- 
perature regions. In the vicinity of —110°C an activa- 
tion energy for recovery of 10.2 kcal/mole (0.44 ev) 
was found, and near —30°C a value of 15.5 kcal/mole 
(0.67 ev) was found. These energies are almost identical 
with the values measured at the same temperatures in 
the present studies on irradiated specimens. These 
results suggest that there is some similarity among the 
imperfections produced by the two techniques. 

Theoretical calculations®"” of the activation energies 
for the motion of interstitial atoms and vacancies in 
copper yield values around 1 ev. The present experi- 
ments, considered with those on quenching*® and cold 
work,‘ indicate that the energy of 0.68 ev is to be 
associated with the motion of vacancies. The energy 
for interstitial motion cannot be less (and is probably 
greater), otherwise, the annihilation process would have 
been observed at lower temperatures. The observed 
activation energy for self-diffusion in copper'® is 2.07 ev 
(47.7 kcal) and should be the sum of the energy required 
to produce a vacancy and the energy required for 
motion. One therefore obtains a value for the energy 
of production of a vacancy of 1.39 ev, which compares 
favorably with the calculated values” of about 1.5 ev. 


VII. SUMMARY 


The conclusions that can be drawn from this work 
fall into two categories, those that are experimental 

"R. R. Eggleston, J. Appl. Phys. 23, 1400 (1952). 

2H. B. Huntington, Phys. Rev. 61, 325 (1942), 

'8M.S. Maier and H. R. Nelson, Trans. Am. Inst. Mining Met. 
Engrs. 147, 39 (1942). 


OVERHAUSER 


and hence factual and those that depend upon inter- 
pretation. In the first class we have the following: 

1. Most, if not all, of the initial bending in the re- 
sistivity versus bombardment curve is due to thermal 
annealing that takes place at the temperature of the 
bombardment. Such effects are important even at 
liquid nitrogen temperatures. 

2. Recovery below — 60°C is characterized by activa- 
tion energies which vary with temperature and, there- 
fore, can be described only by a number of thermally 
activated processes. The observed energy is approxi- 
mately proportional to the absolute temperature and 
is 0.44 ev near —100°C. This recovery accounts for 50 
percent of the total increase. 

3. Recovery near —30°C is characterized by a unique 
activation energy of 0.68+0.02 ev and can be described 
by a mathematical equation of simple form, (7) or (9). 
This recovery accounts for 25 percent of the total 
increase due to damage at — 180°C. 

4. At room temperature 25 percent of the resistivity 
increase remains and does not anneal out below +170°C. 

5. The resistivity increase due to radiation damage 
obeys Matthiessen’s rule, at least to a good degree of 
approximation in the temperature region from — 125°C 
to room temperature. 

The second class contains conclusions of various 
degrees of certainty and which may need modification 
or rejection upon further experimental evidence or 
theoretical consideration. 

1. The low temperature annealing is due to the 
recombination of very close interstitial vacancy pairs. 
The low activation energies and their variation are due 
to lattice strains near the several varieties of vacancy 
sites about the interstitial atoms. 

2. The recovery process above —40°C is due to the 
volume diffusion of vacancies and their annihilation 
with interstitial atoms. For low concentrations of inter- 
stitials and vacancies the recombination follows an 
equation, (7), of the second-order reaction type. 

3. Deviations of the recombination from a reaction 
rate of the binary type are due to the enhancement of 
the diffusion process as a result of lattice strains pro- 
duced by the interstitial atoms. A rate of recovery 
results [Eq. (9) ], which depends exponentially on the 
concentration of interstitials. 

4. The energy of production of a vacancy is 1.39 ev 
and the energy of motion is 0.68 ev. 

The author would like to thank J. W. Henderson for 
his help in making the bombardment and annealing 
measurements. Thanks are also due R. D. Erickson, 
H. G. Cooper, and the cyclotron crew for further 
assistance and to J. W. Marx, J. S. Koehler, and F. 
Seitz for helpful discussions. 
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A theory is proposed to explain the fact that in ionic crystals the paths formed as a result of electric 
breakdown lie along definite crystallographic directions which are independent of the direction in which 


the breakdown field is applied. 


The directional dependence of the collision probability for fast electrons is 


calculated on the basis of the directional asymmetry of the Brillouin zone of the phonons and the selection 


rules for electron-phonon collisions. For increasing temperature, 


or increasing impurity content, or de- 


creasing overvoltage, the theory predicts the following sequence of breakdown directions: 


Random [R][100]—[111] 


[110]>[110] 


[100] +[100] 


and 


A criterion is suggested for predicting the paths to be observed under any given conditions. 


1. INTRODUCTION 


HE current induced by an electric field applied 

to an insulating material increases precipitously 
and without limit, if the field strength exceeds a par- 
ticular critical value known as the breakdown field 
strength. These huge currents tend to destroy the 
insulator; but, if the current source is arranged so as to 
limit the current build-up, the resulting regions of 
destruction are confined to narrow well-defined paths 
through the volume of the insulator. Despite the prac- 
tical nature of the electric breakdown process in solids 
and despite the basic character of this phenomenon, 
only limited aspects of the theory have been developed. 
In particular, the various attempts to deal with this 
problem have been centered on the prediction of the 


absolute breakdown strength and of the variation of this 
strength with temperature, addition agents, and struc- 
ture. A very spectacular phenomenon associated with 
the electric breakdown process is the tendency of the 
breakdown paths to proceed along definite crystallo- 
graphic directions. Furthermore, it is observed quite 
surprisingly that the breakdown strength is independent 
of the angle between the applied electric field and the 
resulting breakdown path. These directional effects 
were first observed by Inge and Walther’ in 1930, by 
von Hippel? in 1931, and by Lass’ in 1931. More recent 
systematic observations have been made by Davisson,‘ 
whose results are summarized in Table I. In this paper 
we propose an explanation for these directional effects. 

Several theories of the electric breakdown strength 


TABLE I. Breakdown path orientations in alkali halide crystals, according to Davisson. R indicates a random path orientation. 


The effect of impurities is similar to that of increasing temperature. 
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Breakdown field according to Von Hippel’s 
low-energy criterion 


Breakdown field according to 
Frdnlich’s high-energy criterion 
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of ionic crystals have been developed.’ 7 We feel that 
the most plausible, and the most successful quantita- 
tively (of these theories) is the one based upon impact 
ionization involving low energy electrons,® as first sug- 
gested by von Hippel. It is this mechanism which we 
have extended to provide the basis for our explanation 
of the directional effects. The validity of the von Hippel 
mechanism, as opposed to other suggested theories, 
has not definitely been proven; and thus a secondary 
purpose of our investigation is to lend additional 
credence to this theory by demonstrating its ability to 
account for a wider domain of observed facts. In ac- 
cordance with this purpose, we have introduced certain 
simplifications which lead to a reasonably tractable 
formalism at the expense of some quantitative precision 
of the results. Although the accuracy of the results 
could be improved by refinements of the calculation, 
the reasonable agreement with experiment which is 
achieved even in this calculation demonstrates the 
intrinsic ability of the method to account for the direc- 
tional effects. 


2. THE PHYSICAL MECHANISM 


The essential idea of our theory of the breakdown 
directional effects may be understood in terms of a 
brief discussion of the theory of breakdown strength.® 
An electron in the conduction band of a crystal is scat- 
tered by the vibrational modes of the lattice, with the 
major contribution coming from the longitudinal op- 
tical modes in the case of polar crystals. When an ex- 
ternal field is applied to such a crystal, the electron 
gains energy from the field during the time between 
collisions and loses energy to the lattice by the colli- 
sions with the vibrational modes. Both of these opposing 
forces acting on the electron are dependent on_ its 
energy. For a given energy there is a particular 
field which just balances the energy loss to the vibra- 
tional modes. This “equilibrium field” is plotted 
schematically as a function of energy in Fig. 1. The 
slow electron breakdown strength criterion of von 
Hippel assumes that for breakdown to occur the field 

6A summary of these theories and a reasonably complete 
bibliography can be found in S. Whitehead, Dielectric Breakdown 
of Solids (Clarendon Press, Oxford, 1951), Chap. IT. 

” 6H. B. Callen, Phys. Rev. 76, 1394 (1949). 
7™W. Franz, Z. Physik 132, 285 (1952). 
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must be strong enough to accelerate an electron of any 
energy in the conduction band. Then a single electron 
accelerated to the ionization energy produces two elec- 
trons of essentially zero kinetic energy, and these two 
electrons are, in turn, accelerated to the ionization 
energy. This process repeats itself until an avalanche 
produces a high current which melts the crystal. Figure 
1 illustrates this low energy criterion and also an 
alternative high energy criterion proposed by Fréhlich.* 

The scattering of an electron by a vibrational mode 
is limited by the conservation of energy and of pseudo- 
momentum. These restrictions may be given an ap- 
proximate geometrical representation: the only vibra- 
tional modes which can scatter an electron of wave 
vector K are those represented by points on the surface 
of the sphere passing through the origin of the wave- 
vector space of the lattice vibrations and having its 
origin at the point —K. All of the vibrational modes 
may be considered to lie within the first Brillouin zone 
in the wave-vector space. For slow electrons the “colli- 
sion sphere” is small and lies entirely within the first 
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Fic. 2. Schematic to show the effect of the orientation and size 
of the collision sphere upon the number of allowed interactions. 
In (a) the collision spheres are oriented in the Eio4 direction. 
In (b) the collision spheres are oriented in the [110] direction. 
For K,=0.50a both collision spheres are entirely within the 
Brillouin zone. For K,=0.56a in (a) the collision sphere is al- 
ready partly outside the Brillouin zone. For K;=0.71a both 
collision spheres are partly outside the Brillouin zone with the 
outside part of (b) greater than that of (a). 


Brillouin zone for all directions of K. Therefore, the 
scattering probability for slow electrons is independent 
of electron direction, and the directional independence 
of the breakdown strength is thus accounted for. 

When the electron is accelerated by the field to high 
energy (large A), it may happen that part of the sphere 
lies outside the Brillouin zone for some directions of K, 
but lies entirely within the Brillouin zone for other 
directions. The number of vibrations able to scatter the 
electron will then be greater for the latter direction 
than for the former, and thus the scattering will tend 
to make the fast electrons move preferentially in the 
direction of least scattering probability. This effect is 
illustrated for a two-dimensional square Brillouin zone 
in Fig. 2. 

We have carried out the appropriate numerical 
calculations for ionic crystals having the sodium chloride 
type of structure, for which the Brillouin zone is shown 

8H. Fréhlich, Proc. Roy. Soc. (London) A160, 230 (1937); 
oo and N. F. Mott, Proc. Roy. Soc. (London) A171, 496 
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in Fig. 3. We have calculated the total collision proba- 
bility for the [100], [111], and the [110] directions, 
each as a function of electron energy. These directions 
are respectively perpendicular to a square face of the 
Brillouin zone, perpendicular to a hexagonal face and 
perpendicular to an edge joining two hexagonal faces. 
The results of this calculation are shown in Fig. 4, 
where the abscissa is proportional to the wave vector 
or the square root of the electron energy and the ordi- 
nate represents the collision probability prohibiled by 
the geometry of the Brillouin zone. Thus a maximum 
ordinate in Fig. 4 corresponds to a minimum total 
collision probability and hence to a preferential direc- 
tion of motion. 

Four characteristic regions may be noted in Fig. 4. 
For 2aK <0.865 the collision sphere is wholly contained 
within the Brillouin zone, no collisions are prohibited, 
the scattering is independent of electronic directions, 
and all directions of motion of the electron are equally 
favorable. For 0.865<2aK <1.05 the [111] direction 


fee 




















Fic. 3. The first Brillouin zone of a face-centered cubic crystal. 


is preferred. For 2aK>1.215 but smaller than about 
1.3 the competition between the [110] and [100] is 
very delicate, with the [100] direction very slightly 
preferred. Thereafter, up to the ionization energy 
(which varies for the various alkali halide crystals from 
2aK = 1.24 to 2aK = 1.45), the [100] direction remains 
the preferential direction. 

The results discussed above are based entirely on the 
scattering by the optical vibrational modes. Considera- 
tion of the influence of the acoustical vibrational modes 
introduces a preferential [100] direction in the energy 
region directly below 2aK = 0.865. 

In order to apply these results to the prediction of 
the observed breakdown directions, it is necessary to 
formulate a criterion which selects the particular 
energy region which is dominant in the formation of the 
breakdown paths. This criterion emerges from the fact 
that the actual net direction of motion of a fast elec- 
tron is governed by the competition of two processes. 
The applied field tends to cause the electron motion 
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Fic. 4. The forbidden transition probability 7(out) as a fune- 
tion of momentum for electrons going in the three directions: 
[100], [110], [111], in a face-centered cubic lattice. See Sec. V, 
Kq. (5.4), for the mathematical definition of 7(out). 


to be parallel to the field direction, whereas the tend- 
ency of the lattice scattering is to cause the electrons to 
move along definite crystallographic directions deter- 
mined by the Brillouin zone symmetry. Therefore, the 
dominant energy region is chosen to be the highest 
energy region at which the collision frequency is still 
sufficient to enable it to establish a path anisotropy. 

According to our picture, then, an electron brought 
into the conduction band gradually accelerates to the 
ionization energy, and as it does so it moves along 
various preferred crystallographic directions. There is, 
however, a particular energy at which the electron 
traverses by far the largest portion of its total dis- 
placement. While in this energy range the electron 
tends to move along a particular crystallographic 
direction, which we may call the dominant direction. 
In fact, the electron tends to move along that particular 
member of the set of crystallographically equivalent 
dominant directions which makes the smallest angle 
with the applied field. The total displacement suffered 
by the electron from the moment of its appearance in 
the conduction band until its eventual ionizing collision 
will thus be roughly along that dominant direction 
which is closest to the field direction. As successive 
ionizing collisions will then lie along this direction, we 
are thus led to the prediction of the breakdown path 
directions. 

If two or more crystallographically equivalent domi- 
nant directions make equal angles with the applied 
field, we may expect to observe breakdown paths in 
each direction and some branching. However, there 
will be a stabilizing effect which will tend to discourage 
branching and which arises from the distortion of the 
potential distribution around a partially formed break- 
down path. That is, a partially formed path acts like 
a thin conducting channel and gives rise to an intense 
field in the forward direction. If it were not for this 
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stabilizing effect the path length might conceivably 
branch at every new ionization, completely obliterating 
the directional effect at the macroscopic observable 
level. Occasional but infrequent branching to crystal- 
lographically equivalent directions is observed in ex- 
perimental breakdown paths. 

The calculations lead to the prediction that as the 
temperature rises, the observed path directions should 
follow the sequence [ R |[.100 }[111 } [110 }>[110] 
and [100 }~»[100 ]. This sequence is in reasonable agree- 
ment with the experimental observations. Addition of 
impurities is predicted to lead to the same sequence, 
whereas application of overvoltage is predicted to lead 
to the reverse sequence. Detailed results and compari- 
son with experimental observations are given in 


Vig. 7. 
3. THE ROLE OF UMKLAPP PROCESSES 


In the following sections we shall compute the colli- 
sion probability as a function of electronic direction 
for an electron of given energy. As that calculation, 
and indeed the basic logic of the whole theory, rests 
upon a particular assumption concerning the role of 
umklapp processes, it is appropriate at this point to 
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indicate explicitly the nature and validity of that 
assumption. 

In Fig. 5 we have indicated a square two-dimensional 
Brillouin zone and the collision sphere, or rather circle, 
of an electron of definite K. The logic of this paper is 
based on the assertion that the electron is scattered 
appreciably only by the vibrational modes which are 
represented by that portion of the collision sphere 
which is interior to the Brillouin zone. The objection 
arises, however, that the arc of the collision circle 
which is exterior to the Brillouin zone is equivalent to 
the arc marked “Umklapp Modes” in Fig. 5, and that 
these modes may scatter the electron by the so-called 
umklapp processes. However, for polar crystals the 
scattering by the umklapp processes may be neglected, 
as we shall now indicate. 

The scattering of an electron arises from the per- 
turbation in the periodic lattice potential associated 
with the vibrational modes. For a given mode in a 
polar crystal this perturbation in potential may be re- 
solved into two components. First, there is the long- 
range Coulomb potential which results from a relative 
displacement of the positive and negative ions. Sec- 
ond, there is the short-range potential which would 
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exist even if the ions of the crystal were neutral. This is 
associated wiih the relative motions of the nuclei and 
electrons and is solely responsible for the scattering in 
monatomic and nonpolar crystals. We may thus write, 
for a mode of wave vector a, 


AV(s, r)=V,(o, r)+Vols, v), (3.1) 


where AV is the total deviation of the potential from 
its unperturbed periodic value, V, is the polar con- 
tribution, and Vo is the short-range nonpolar con- 
tribution. 

The probability of the scattering of an electron by 
a vibrational mode is measured by the matrix element 
of the perturbing potential AV (oe, r) between the initial 
and final electronic states. The electronic wave func- 
tions are of the form 


WxK(r)= Vte'*®*[ 14+xx(r) |, (3.2) 


where V is the crystal volume and Xx(r) is periodic in 
the lattice. The scattering probability is consequently 
measured by the matrix element 


M= M,+4 M, + M3, (3.3) 


where 


1 
Mis— fo K’)-tV/ 5(¢, r)dr, (3.4) 


Vv 


1 
Ms few K’) -rVo(g, r)dr, (3.5) 


1 


M;=- fen K’) tye (r)xg*(r)AV(e, r)dr. (3.6) 


We briefly consider each of these terms in turn. 
The polar potential V,(@, r) is necessarily of the form 


V »(o-r) = Ag cos(o-tr—¢e), (3.7) 
where Ag and ¢g are constants for a given mode. Thus, 
with r=R,+0 

oar, — - Yr ry 
M,=— > exp[i(K— K’+o)-R, ] 

y) 


2V Ra 


x f ewlitK- K’+.0)-0— ide |do 
Ag ; ; 
+— ¥> exp[i(K— K’—e)-R, ] 
2V Rn 
x f ewlitK- K’—«@)-0+ ide |dp. (3.8) 


The o-integrations are now to be carried only over a 
unit cell, and the R, denote the natural vectors of the 
lattice. The summations vanish unless 


K’= K+oc+ K,,, (3.9) 
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where K,,,/2m is a vector of the reciprocal lattice. How- 
ever, the integrals over a unit cell vanish unless K,,=0. 
Thus the umklapp processes (K,,0) are forbidden in 
this case, and the transition probability is strictly 
governed by the conservation of pseudo-momentum. 

With respect to the matrix element M2, we note 
that the perturbing potential Vo(e, r) is not a simple 
sinusoidal function of position as is V,(e, r). In the 
usual approximation of the theory of metallic con- 
ductivity the potential is taken as a sinusoid of the 
form (3.7) modulated by a function which is periodic 
in the lattice. In the analog of Eq. (3.8) this modulat- 
ing function appears in the integrands of the integrals 
over the unit cell. The summation again gives Eq. 
(3.9), but the integrations no longer demand K,,=0. 
Thus the umklapp processes are not forbidden in this 
case. 

The reasoning applied to the matrix element M, 
applies directly to M3; as well. The integrands in the 
analog of Eq. (3.8) now contain both the modulating 
function of Vo(e, r) and the functions Xg(r). The sums 
again require Eq. (3.9), and the integrals again fail to 
prohibit the umklapp processes. 

The basic approximation which is made in this paper 
is that the matrix elements Mz and M; are neglected. 
The electronic mobility in polar crystals is observed to 
be very small compared to that in nonpolar crystals, 
thereby indicating that M, is small compared to M,. 
Formally, this does not come about because V9 is small 
compared to V,, but rather because the modulating 
function of Vo, which appears within the integrals of 
Eq. (3.8), tends to reduce the values of those integrals. 
In the same fashion the rapidly fluctuating functions 
Xx(r) tend to reduce the value of the integrals in the 
analog of Eq. (3.8) which is appropriate for M3. Neglect 
of M; is equivalent to using plane wave WV functions 
for the electrons, and this procedure is known to be 
reasonable in most cases of conductivity theory. 

A consequence of the neglect of the matrix elements 
M, and M; is that the total collision probability is 
governed by the strict conservation of pseudo-momen- 
tum, and that the umklapp processes are forbidden. 
These results are essential to the further logic of this 
paper. 

The polar contribution V, to the perturbing po- 
tential is nonzero only for the longitudinal optical 
modes of all wave vectors and for the longitudinal 
acoustical modes of large o. We shall carry out our 
calculations in this paper on the basis of the longi- 
tudinal optical modes alone, and we shall then make 
the appropriate alterations to account for the acoustical 
modes in Sec. 7. 

4. THE TRANSITION PROBABILITY 

The analysis of this paper is based upon certain 
relevant results of the theory of breakdown strength, 
which we adopt with a few appropriate modifications. 
In particular, the probability per unit time of a transi- 
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tion in which an electron goes from a state K to a state 
K’ and a longitudinal optical mode of wave vector o 
goes from state n, to state n,’ is: 


9 


ee* * 1 
’,= (. é, ) ———é(K—K’xe, 0)[,6(n,’, n.—1) 
NMhw 


2a’o 
_0 ssin*ét 
+ (net 1)5(n-, net (= ) 
av # 
with 
t= 4[AE/h+ (n.'—n.)w]; 


w= w;(€,/€o)4 


e* =[ (w*?—w,?) Ma®/2re |}; 


and 
M=M,M_(M,+M_)-*(M,$4+ M_!)-. 


Here AE is the gain in electron energy during the 
electron-phonon collision, e is the electronic charge, a 
the interionic distance, N the number of unit cells in 
the crystal, M, and M_ the mass of the positive and 
negative ion, respectively, w, the reststrahl frequency, 
n, the quantum number of the phonon excitation, e¢, 
and ¢, the static and optical dielectric constant, re- 
spectively. The delta-function 6(K—K’--e, 0) may be 
taken as the requirement of conservation of pseudo- 
momentum in the transition. The factor (0/02) (sin*£t/£) 
has an appreciable value only in the vicinity of §=0, or 
if energy is approximately conserved. The delta- 
functions 5(m,’,n,—1) and 6(n,’,n,+1) require that 
the quantum number of the vibrational mode change 
only by unity in the transition. The ratio of the proba- 
bilities of the transitions n,—n,+1 and n,—n,—1 is 
seen to be (n,+1)/n,, so that the electron tends to lose 
energy to the vibrational modes (except when the 
energy of the electron is less than hw). The preceding 
equation differs from that given in reference 6 in the 
replacement of the reduced mass by the quantity M 
as defined above. The reduced mass which is the 
appropriate factor for the wave vectors of small ¢ was 
chosen in the breakdown strength theory because the 
slow electrons, which are important there, interact 
only with such vibrational modes. For fast electrons 
for which the modes of large o (near the zone boundary) 
are the important ones, it is easily seen from the 
methods of reference 6 that the factor which is appro- 
priate is the M as given above. 

The breakdown strength theory further assumes that 
the electronic energy surfaces are spherical in wave 
vector space and in fact the electronic energy is simply 
taken as h°K?/2m*. A nonspherical form of the energy 
surfaces provides another possible basis for the explana- 
tion of the directional effects, in addition to the basic 
mechanism to which we shall turn our primary atten- 
tion. However, it seems to us that the mechanism 
based on the Brillouin zone geometry is the more 
important of the two possible mechanisms and further- 
more, is, in our present state of knowledge of the solid 
state, the more amenable to theoretical analysis. We 
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shall therefore retain the expression #?K?/2m* for the 
electronic energy, and so we have, recalling that 
n,’—n,= +1, 


wo Arkh 


2 2ht_2m* 


where the plus and minus signs refer to the absorption 
and emission of a quantum by the electron, respec- 
tively. From the above equation and the conservation 
of pseudo-momentum (K’= K-+-@) we can solve for the 
cosine of the angle between K and @, obtaining: 


6 (=) 
t - jh. 
2K 2Ko 
For a given K the electron can only interact with 
modes having wave vectors such that the right-hand 
member of the equation above is equal to or less than 
unity in absolute value. Putting =0 and introducing 
the notation K ,2= mw/zh, so that K, is the wave vector 
of an electron with energy iw, we thus find as the limit- 
ing values of o which can interact with a given K: 


Omax= K{14+[14(K./K)*}} 
tK{—-14+[1+(K./K)*}}}. 


(4.1) 


COSa = 


(4.2) 
(4.3) 


Omin 


The actual upper limit on the wave vector @ is, of course, 


given by the above value of omax only if it corresponds 
to a @ inside the first Brillouin zone. If such is not the 
case, then the Brillouin zone boundary supplies the 
upper limit to #. As this is the situation for large A, the 
scattering of fast electrons retlects the symmetry of the 


Brillouin zone. 


5. THE INFLUENCE OF THE BRILLOUIN 
ZONE GEOMETRY 


We shall now compute the total transition proba- 
bility of an electron of given energy. For slow electrons 
the maximum @ which can cause a collision is given by 
eq. (4.2) and is independent of the electron direction. 
For fast electrons the maximum ¢@ is given by the 
Brillouin zone geometry and depends upon the direc- 
tion of the’electronic motion. The (otal scattering proba- 
bility per unit time, &, of an electron in the state K is 


~ | ff Va'eb,(abs)de4 ff fereecomae, 


where the limits in the integrals are those appropriate 
to absorption and emission processes, respectively. The 
integration is to be carried out only over the volume 
inside the first Brillouin zone. Appreciable contribu- 
tions to the integral (for reasonable times between 
collision) occur only when energy and momentum are 
conserved in the transition. Pictorially, we can think 
of the law of conservation of energy as restricting the 
allowed final states to spheres with radii K’= (K?+K.,”)! 
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(+ for absorption and — for emission) and the law 
of the conservation of momentum as determining the 
orientation of these spheres with respect to the Brillouin 
zone. As we are concerned with values of K’>(5 to 
10)K.,, we can treat both absorption and emission 
spheres as having a radius K’ equal to K and passing 
through the center of the Brillouin zone. The error 
introduced by this simplification is, even in the most 
unfavorable situation, only of the order of 2 percent. 
For the purposes of integration, we choose a spherical 
coordinate system o, a, g in the wave-vector space. It 
is, however, convenient to replace the variable a by &, 
from Eq. (4.1). Although the limits of integration of a 
limit the range of &, it is permissible to integrate over 
the complete infinite interval of £ because of the pres- 
ence of the factor (0/01) (sin*&/£) which is appreciable 
only in a narrow region near =0. Performing the 
t-integration we obtain 


p=(c/K)I/, 
where 


c= (ee*)*mar(27#+1)/M ah *w 


dgdo 
0 


This integral extends over the surface of the sphere 
which passes through the center of the Brillouin zone 
and has its center at the point K. The element of area 
on the surface of this sphere is odgdo, so that J is the 
surface integral of 1/0”, over the surface of the sphere. 
The integral over this spherical surface (whose Car- 
tesian equation is 2°+y’+2°=K*) may be written in 
terms of the integral over the projection of the surface 
on the equatorial plane perpendicular to K. Taking 
this plane as the x-y plane, we have 


"A dA 
“ffs 
zo 


o?=2K(K+2). 


and 


with 


(z is a positive or negative number above and below the 
equatorial plane, respectively.) Introducing now plane 
polar coordinates with angle @ and radius vector Kop, 


we find 
one pdpdé 
J 6 (1—p?)*f1+(1—p*)! | 
whence 


1 2a _— 
[=F lf {In[1+(1—p*)! ]} do 

) Pl 
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1 Qe 2r 
1 - f fis(p2)d0-+ f fi(p1)d0 
2 0 0 
r f f-lp:)d9— f f (opao] 
0 0 4 


The upper limit p2(@) is determined by the projection 
on the equatorial plane of the intersection of the 
Brillouin zone and the collision sphere. The lower limit 
pi(8) may be taken as zero for the integration over the 
upper hemisphere f, but must be computed in a 
more delicate fashion for the lower hemisphere integra- 
tion f_ in order to avoid divergence of the integral. 
Here we must temporarily forsake the approximation 
in which the collision sphere is taken as passing through 
the origin and recall that the accurate collision spheres 
are subject to a nonvanishing minimum value of o, as 
given by Eq. (4.3). Equation (5.1) is then replaced by 


(5.2) 


o = 2(K +0min)2 + K?+ (K + Tmin ’, 


leading to a modified function for f_(p;) and to a good 
approximation, giving 


J f(p:(0) \d0= 4x Ink,’, 


where K,=2K/K,. Also, putting p:(@)=0 in the second 
term of Eq. (5.2) we obtain 


2 


1 2m 
[=— f f4(p2)d0+ x In2 
2 


“0 


1 2e 
+-f f-(p2)d0+ 2m InK,?. (5.3) 
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Unfortunately, the integrals indicated in the first and 
third terms generally cannot be evaluated analytically, 
and at this point recourse must be had to numerical 
methods. 

It is convenient to make the comparison of the total 
transition probabilities for the various directions by 
calculating the value of the forbidden transitions, /(out) 
represented by the integrals over the portion of the 
spheres outside the Brillouin zone. This procedure is 
suggested by the recognition of the fact that the modes 
of large o-scatter the electron through large angles and 
are thus the most effective in establishing a path 
anisotropy. It is consequently the difference in the 
large o-scattering which is significant and which we 
wish to compare directly. The preferred direction is 
that associated with the largest value of /(out). If the 
Brillouin zone did not intercept the collision sphere, 
we would obtain J from Eq. (5.2) by setting p2.=1, 
obtaining = In2+ 2x InK,?. Thus /(out) is this value 
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minus the true value of / as given by Eq. (5.3), or 
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1 2” 1 or ; 
T(out)= f f,[p2(0) }da— f f_[/p2(0) \d@. (5.4) 
) ) 


-*0 0 


As the Brillouin zone is a polyhedron, its intersection 
with the collision sphere always consists of circular 
arcs, which become elliptical arcs when projected on 
the equatorial plane. For Brillouin zone surfaces per- 
pendicular to K the projections remain circular, and the 
contribution of such projections is simply 


(out) = Fa Inf1+(1—p*)4], 


where p is the radius of the circular projection expressed 
in units of r. In the more general case p»(@) is of the 
elliptical form, and the integration of Eq. (5.4) must 
be performed numerically. The dependence of /(out) 
on 2aK is given for the [100], [110], and [111 ] direc- 
tions in Fig. 4, which represents the main results of our 
numerical calculations. The discontinuous changes in 
the slope of the curve of 7(out) that appear in Fig. 4, 
occur at those values of K at which new surfaces of the 
Brillouin zone commence to intersect the collision 
sphere. 


6. THE ENERGY CRITERION 


Having now computed the preferential path direc- 
tions as a function of energy, it becomes necessary to 
formulate a criterion which selects that particular 
energy region which is dominant in the formation of 
the breakdown paths. As indicated in Sec. 2, this 
energy region is chosen to be the highest energy region 
at which the collision frequency is still sufficient to 
enable it to establish a path anisotropy in its competi- 
tion with the acceleration in the field direction. In 
particular, if the collision probability has decreased to 
such an extent that the field is able to impart an energy 
of iw to the electron between two successive collisions, 
then the electron has a high probability of being ac- 
celerated to the ionization energy before the collision 
anisotropy for that particular energy region can make 
itself felt. Consequently, we may assume that the 
dominant energy region will be located in the neighbor- 
hood in which this condition will be satisfied. We thus 
require that 

eS (2mhw)}, 


(6.1) 


where ‘=1/® is the average time between successive 
electron-phonon collisions and_S_is the applied electric 
field strength. Equation (6.1) can be written in the form 


(5/F)-eF ((2mhw)}, 


where F is the breakdown field strength. But F and 
are each functions of the temperature 7, and ¢ is in 
addition a function of the electronic wave number. 
Inserting these functional dependences from reference 


* Technical Report No. 3, Contract Nonr-15600, University of 
Pennsylvania, May, 1951 (unpublished). 
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Fic. 6. Nomograph for obtaining the dominant energy region. 


6, the above criterion may be put in the form 


K § /kT 
o( “)xir('2). 
KJ F \ hw 


(6.2) 


Here K is the wave vector which measures the dominant 
energy region, G is a function which has the significance 


of 

K Kw 2K\? 

of -) {2x in( - -) = Tou}, 

K,/ V2rK Ke 
and F’ is a function which has the significance of F’ 
=(F/F )(27+1). Both of these functions are plotted 
in Fig. 6, which constitutes a convenient nomograph 
for computing the dominant wave vector in terms of the 
temperature 7 and the fractional overvoltage 5/F. 
One_enters the nomograph with the reduced tempera- 
ture k7'/hw as lower abscissa and reads the ordinate 
F'(kT/hw). This ordinate is then multiplied by the 
fractional overvoltage $/F’, and the corresponding ordi- 
nate is located on the G(K/K,) curve. The associated 
upper abscissa K/K, then determines the dominant 
wave vector. 

In the application of this criterion there is one 
reservation which must be made. If. the dominant en- 
ergy region so determined falls above the ionization 
energy, the above criterion requires modification. In 
such a case we may reasonably assume that the domi- 
nant energy region is determined by the ionization 
energy itself. That is, the actual criterion which we 
employ is that the dominant energy region is either the 
ionization energy or the energy determined by (6.2), 
whichever is the smaller. 
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7. CONCLUSION 


Fundamental to the discussion of the qualitative 
effect of temperature, overvoltage, and impurities is 
the observation (see Fig. 4) that as the dominant energy 
increases from low energies to the ionization energy, 
the preferential directions follow the sequence: 


(RE 110}4[110] and [100}+[100]. 


However, there is an additional factor which may 
modify this sequence. Within the range of energies to 
whjch we have ascribed random paths, an additional 
mechanism may be expected to lead to the selection 
of the [100] direction. This mechanism may be under- 
stood by recalling that the polarization produced by 
the acoustical modes of large o (near the Brillouin zone 
boundary) is much larger than that produced by modes 
of small o (near the center) and, in fact, is as large as the 
polarization produced by the optical modes of large o. 
Consequently, two electrons, each of which has its 
collision sphere included entirely within the Brillouin 
zone, may nevertheless undergo unequal scattering if 
one sphere contains more modes near the Brillouin 
zone boundary than does the other. As the boundary 
of the Brillouin zone is furthest removed from the 
origin in the [100] direction, this causes the [100] 
direction to be preferential. This effect is enhanced by 
the further fact that at low temperatures the optical 
modes near the boundaries of the Brillouin zone are 
more highly excited (having lower frequency) than 
those nearer the origin. Again, therefore, a collision 
sphere which includes modes near the boundary of the 
Brillouin zone will lead to higher scattering than one 
which does not include such modes. These two argu- 
ments indicate that the high energy portion of the 
region previously identified as random, actually corre- 
sponds to a [100] preference. In summary then, the 
theory predicts the following sequence of preferential 
directions with increasing dominant energy: 


[R}-[100]}[111}>[110} [110] and 


[100}>[100]. (7.1) 


We may now readily see the effect of increasing tem- 
perature. It is clear from Fig. 6 that an increase in the 
temperature leads to an increase in the dominant wave 
vector, or energy. This may be understood by recalling 
the intuitive basis underlying the criterion which states 
that the dominant energy region is the maximum energy 
at which the collision frequency is able to compete 
effectively with the applied field. But increasing tem- 
perature raises the collision frequency at all energies 
and thereby enables higher energy regions to satisfy 
this condition. At any rate, the fact that increasing 
temperature leads to an increase in the dominant energy 
immediately yields the prediction that increasing tem- 
perature is associated with the sequence (7.1). 

Similarly, addition of impurities is known to increase 
the scattering probability for electrons of any energy. 
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This effect is therefore similar to the effect produced by 
an increase in temperature and, for the same reason, 
shifts the dominant energy to higher energies. Conse- 
quently, an increase in impurity content again leads to 
the sequence (7.1). 

Finally, we see from Fig. 6 that an increase in the 
fractional overvoltage leads to a decrease in the domi- 
nant wave vector or energy. Again this becomes in- 
tuitive if we recall that the dominant energy is the 
maximum energy at which the collisions can still 
effectively compete with the field; an increase in the 
applied field requires an increase in the collision fre- 
quency and consequently shifts the dominant energy 
region toward lower energies. Increasing voltage is thus 
predicted to lead to the reverse of sequence (7.1) 

Each of these three predictions is in good agreement 
with experimental observations, and at least at this semi- 
quantitative level the theory may be considered as 
reasonably successful. 

It is, however, interesting to consider the detailed 
theoretical predictions for those cases for which Davis- 
son has made observations. Therefore, we give in Fig. 7 
the theoretically predicted breakdown direction of the 
Na, K, and Rb halides" at those temperatures at which 
observations have been made by Davisson. 

In this figure, the temperatures at which the meas- 
urements were made are listed along the left edges and 
the observed directions are indicated along the right 
edges. Along the abscissa are the values of 2aK, and 
the preferential directions associated with each energy 
region are indicated along the top. The ionization energy 
is indicated by a dark triangle on the 2¢K axis. Where 
the ionization energy is not known, we have interpolated 
an approximate value, denoted by an empty triangle. 
The theoretical predictions of the dominant energy 
regions for zero overvoltage are indicated by horizontal 
lines, the length of which indicates in a rough fashion 
that the prediction is subject to considerable error. 
For those cases in which the ionization energy itself 
determines the dominant energy region [i.e., if the 
energy determined by Eq. (6.2) lies above the ioniza- 
tion energy |, the theoretical prediction is indicated by 
a vertical line based on the ionization energy triangle. 


10 The star patterns observed in the Li halides do not appear 
to be suitable for comparison with the theory. Evidence from 
experiments other than those involving electric breakdown [see 
Burstein, Oberly, and Plyler, Proc. Indian Acad. Sci. 28, 388 
(1948) ] indicated that the behavior of these compounds differs 
markedly from the other alkali halides on account of the presence 
of a large amount of homopolar binding. As we see from Table I, 
the breakdown behavior is entirely different from that shown by 
the other alkali halides, and it is very probable that a different 
mechanism is required to account for these unique effects. 
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Fic. 7. The theoretical predictions of the dominant energy 
regions for alkali halides at zero overvoltage. 


In making this comparison, however, we must note 
that the observations of Davisson were made under 
conditions of unknown and uncontrolled overvoltage 
and are therefore really inappropriate for comparison 
with the theoretical predictions computed at zero 
overvoltage. Nevertheless, a certain correlation, which 
seems to lend credence to the theory, is definitely 
apparent. However, a decisive test of the ability of the 
theory to predict path directions under precisely con- 
trolled conditions must await further quantitative 
observations. 

In conclusion, we note that the theory resolves the 
paradox of the independence of the breakdown field 
strength and the relative orientation between the break- 
down paths and field directions. This resolution rests 
upon the hypothesis that the breakdown strength is 
determined by the slow electrons, whereas the direc- 
tional effects depend upon the properties of the fast 
electrons. In addition, the theory leads to a prediction 
of the effect of temperature, impurities and overvoltage 
and allows the detailed calculation of the breakdown 
direction under any given conditions. The low energy 
mechanism is thus capable of leading to a reasonable 
explanation of the directional effects. 
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Half-Life of Pd'°* and Neutron Activation Cross Section of Pd'°” 
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The half-life of Pd has been determined to be 13.6+0.1 hours by careful decay measurement on a 
chemically purified fraction of metallic palladium irradiated in a nuclear reactor. From the same irradiation 
the activation cross section of Pd! was found to be 4.8 barns for pile neutrons. This cross section value is 
based on the literature value (corrected for the new half-life determination) of 11.7 barns reported for the 


thermal neutron activation cross section of Pd!, 


I. INTRODUCTION 


ETALLIC palladium is in many ways an ideal 

beta-ray source.’ Pd'™ is formed with high cross 
section in the nuclear reactor; it decays with a half-life 
of slightly more than half a day, thereby reducing the 
problems of contamination and decontamination; and 
its metabolic inertness reduces the general personnel 
hazard of its use. Furthermore, the palladium serves as 
a pure beta-ray source except for some low energy 
gamma-rays associated with the decay of the isotopes 
of palladium formed in neutron irradiation. 

Despite this use of palladium as a beta-ray source 
and its availability from various reactor groups, a sur- 
vey of the literature reveals discrepancies in nuclear 
characteristics of some of the radioactive isotopes ob- 
tained in a neutron irradiation of pure palladium metal. 
Since this laboratory has had access to the multi-curie 
Pd sources obtained by the Fission Products Labora- 
tory of the University of Michigan Engineering Re- 
search Institute,’ a study has been made of the charac- 
teristics of some of the palladium isotopes occurring in 
these sources. 

The stable isotopes of palladium and the isotopes 
formed in the neutron irradiation of palladium are 
shown with their decay products in Fig. 1. The abun- 
dances of these palladium isotopes were reported by 
Sampson and Bleakney*® with an accuracy of one part 
in one hundred. The half-life values indicated for Pd! 
and Ag!" are considered to be the best literature values. 
The half-life indicated for Pd is the value reported 
in this paper. The thermal neutron activation cross 


Kid’ YR | 268% 364K | 13.5% 
1 I r 


1g. 1. Isotope chart. 
1 Meinke, Emmons, and Nehemias, Nucleonics 10, No. 12, 54 
(1952). : 
?L. FE. Brownell et al., Atomic Energy Commission Reports 
COO-90, COO-91, 1952 (unpublished). 
3M. B. Sampson and W. Bleakney, Phys. Rev. 50, 732 (1936) 


sections for Pd'® and Pd" were reported by Seren, 
Friedlander, and Turkel* in their general survey of 
activation cross sections. The Pd'® cross section re- 
ported has been changed to incorporate the new half- 
life value for Pd'®. Other pertinent data found on the 
chart were obtained from the Bureau of Standards 
Compilation of Nuclear Data.® 

A complete literature search was made for data on 
the half-lives of Pd', Pd’, and Ag". A 17.0-day 
half-life for Pd'* was reported by Mathews and Pool® 
who followed the activity of samples from both proton 
and deuteron bombardments of rhodium for 10 half- 
lives. They report that the activity of the isotope was 
due solely to x-ray emission following orbital-electron 
capture and they assigned the activity to Pd'. Brosi,’ 
Gunlock and Pool,* and Lindner and Perlman’ ob- 
served the 17-day Pd' but give no further information 
on the half-life. An evaluation of these values estab- 
lishes the half-life of Pd' at 17.0 days with a maximum 
error of 0.1 or 0.2 of a day. 

Literature values for the half-life of Pd! vary from 
12.7 to 14.1 hours. Early work by Kraus and Cork" 
established a value of 13 hours, but the decay was 
followed for little more than three half-lives. Seiler! 
made chemical separations of Pd'” from fission product 
mixtures and followed the decay for about eight half- 
lives. He reports a half-life of 13 hours, but some of his 
points scatter considerably, and it appears that a some- 
what longer half-life line would better represent his 
data. Perlman and Friedlander,’ Mock et al.,!* and 
Wiiffler and Hirzel'* report values of 12.7 hours, 14.1 

4 Seren, Friedlander, and Turkel, Phys. Rev. 72, 888 (1947). 

5 Nuclear Data, National Bureau of Standards Circular No. 499 
(1950). 

6 1D. E. Mathews and M. L. Pool, Phys. Rev. 72, 163 (1947). 

7A. R. Brosi, reported in Oak Ridge National Laboratory 
Classified Reports Mon N-150 (August, 1946); Mon N-229 (Jan- 
uary, 1947). 

8 H. F. Gunlock and M. L. Pool, Phys. Rev. 74, 1264 (1948). 

9M. Lindner and I. Perlman, Phys. Rev. 73, 1202 (1948). 

10 J. D. Kraus and J. M. Cork, Phys. Rev. 52, 763 (1937). 

J. A. Seiler, Radiochemical Studies: The Fission Products 
(McGraw-Hill Book Company, Inc., New York, 1950), Paper 119, 
National Nuclear Energy Series, Plutonium Project Record, 
Vol. 9, Div. IV. 

22M. L. Perlman and G. Friedlander, Phys. Rev. 74, 442 
(1948). 

13 Mock, Waddel, Fagg, and Tobin, Phys. Rev. 74, 1536 (1948). 

“H. Waffler and O. Hirzel, Helv. Phys. Acta 21, 200 (1948). 
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+0.3 hours, and 13.1 hours, respectively, for the half- 
life of Pd! obtained in (y, 2) bombardments using a 
betatron. Recently Bergstrém et al.!® have made an 
assignment of the ‘‘13-hour” palladium isotope to Pd! 
with a mass spectrograph. Hummel and Hamermesh'® 
used a 13-hour half-life value in calculating the activa- 
tion cross section of Pd with 0.03-Mev neutrons. 
Neither of the latter two papers, however, add further 
critical information to the value of the half-life. 

There is good agreement among the values reported 
in the literature for the Ag'" half-life. In early work 
Kraus and Cork" and Pool!® reported a value of 7.5 
days for this isotope. Steinberg and Glendenin" in their 
fission product work followed the Ag! activity for 12 
half-lives and report a half-life of 7.6 days. Duffield and 
Knight” obtained a 7.6-day decay for Ag'' produced 
in betatron bombardments. Recently two other workers 
investigated the properties of Ag''': Storruste”! reports 
a 7.5-day decay for a chemically separated silver 
fraction of a neutron irradiation of palladium; and 
Johansson” reports a 7.5-day or 180+3 hour half-life 
for Ag" after following a sample for 6 half-lives. An 
evaluation of these reports establishes the half-life of 
Ag'" at 7.60 days with a maximum error of 0.10 day 
or less. 

Pd” with a half-life of 7 10° years and Pd" with a 
half-life of 26 minutes will also be formed in a neutron 
irradiation of palladium metal, but their half-lives are 
of such nature that they will have negligible effects a 
week or so following irradiations of one or two weeks 
duration. 


II. EXPERIMENTAL METHODS 


A small amount of high purity palladium metal which 
had been irradiated for a period of about two weeks in 
the high flux position (5.4 10" n/cm?/sec) of the NRX 
reactor at Chalk River, Ontario, Canada was partially 
dissolved in hot nitric acid and the solution subjected 
to a chemical separation to purify the palladium isotopes 
for characterization. Since the separation was performed 
one day after removal of the sample from the reactor, 
no Pd" remained in the palladium. Spectrographic 
analysis of this “high purity” palladium metal showed 
the presence of the following impurities: 0.002 percent 
Ag, 0.1 percent Au, 0.003 percent Ca, 0.005 percent Cu, 
0.02 percent Fe, 0.002 percent Mg, 0.2 percent Pt, 0.2 
percent Rh, and 0.01 percent Si.” 


4 Bergstrém, Thulin, Svartholm, and Siegbahn, Ark. Fysik 1, 
281 (1950). 

16V. Hummel and B. Hamermesh, Phys. Rev. 82, 67 (1950). 

17 J. D. Kraus and J. M. Cork, Phys. Rev. 52, 763 (1937). 

18M. L. Pool, Phys. Rev. 53, 116 (1938). 

19 EF. P. Steinberg and L. E. Glendenin, Radiochemical Studies: 
The Fission Products (McGraw-Hill Book Company, Inc., New 
York, 1952), Paper 123, National Nuclear Energy Series, Plu- 
tonium Project Record, Vol. 9, Div. IV 

20 R. B. Duffield and J. D. Knight, Phys. Rev. 75, 1613 (1949). 

21 A. Storruste, Phys. Rev. 79, 193 (1950). 

2S. Johansson, Phys. Rev. 79, 896 (1950). 

23 Reference 1 gives a list of activities that these contaminants 
would produce upon activation in the reactor 
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Fic. 2. Pd'®* half-life. 

Silver and palladium carriers were added to the 
solution of palladium. The silver was then removed by 
silver chloride precipitations while further decontamina- 
tion was achieved by precipitating the palladium with 
dimethylglyoxime in a solution which was 0.5 N in HCl. 
After three complete cycles, portions of the palladium 
dimethylglyoxime precipitate were placed on a 1-inch 
diameter aluminum counting plate. The dried samples 
were finally sealed with Scotch tape. 

The decay of the samples was followed on an end- 
window chlorine-quenched argon-filled Geiger-Muller 
tube (Amperex 100C) with a window of 3.5-mg/cm* 
thickness used in conjunction with a scale of 128 count- 
ing circuit. The counts were automatically recorded 
with a Streeter-Amet Scientific Recorder modified to 
record regularly at any desired interval. Coincidence 
corrections were applied where the counting rates 
required them. 

The decay of the samples is shown in Fig. 2. Two 
samples of different activity levels were required to 
follow the decay over the entire range. The decay of the 
first sample is shown in the first two cycles of the graph, 
while the second more active sample was used for the 
remainder of the data. Counts were recorded auto- 
matically for the first ten days, but subsequent data 
were taken manually. 

After most of the Pd' had decayed out, it was dis- 
covered that the chemical separation had not been 
thorough enough to completely decontaminate from the 
Ag". (Later measurements showed that about 98 per- 
cent of the Ag!" had been eliminated.) Therefore a 
third sample was followed for about 45 days through 
one g/cm? of beryllium absorber to obtain the decay 
of the x-rays from the orbital electron capture decay 
of the Pd activity. 


III. RESULTS AND DISCUSSION 


The value for the half-life of Pd! was found to be 
13.6+0.1 hours over a period of 15 half-lives as shown 
in Fig. 2. Sample counts were taken every hour for the 
first eight days, but only every fourth count is shown on 
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the graph. After ten days all data are presented on the 
graph. The decay of the samples was followed for more 
than 60 days with consistent agreement between the 
resolved lines and the points. 

The activity of the samples shown in Fig. 2 was 
followed down to background to obtain the 17.0-day 
component. The decay of the third sample, measured 
through beryllium absorber to eliminate the Ag"! beta- 
particles, gave a 17.0+0.4 day half-life for Pd'. As 
mentioned above, a literature search showed that the 
half-lives of the Pd'® and Ag" were known accurately. 
Establishment of a 17.0-day line through the low ac- 
tivity points of Pd’ to give exactly a 7.60-day line 
for the Ag'"' component gave the best resolution of the 
curve. This procedure is justified in light of the well- 
established literature values for the two half-lives and 
the chemical separation which eliminated contaminants. 

The sum of the 7.60-day line and the 17.0-day line 
was then subtracted from the gross decay curve to 
obtain the half-life for Pd'”. Because of the internal 
consistency of all of the decay data the error presented 
for the half-life of Pd'” is the upper limit for the total 
error of the experimental determination. 

The thermal neutron activation cross section for Pd! 
has been measured by Seren ef al.‘ and found to be 
11.2 barns with a probable error of 20 percent. A linear 
change in this cross section value to 11.7 barns has 
been made in view of the change in the Pd'™ half-life 
value from 13.0 to 13.6 days. In the present work the 
neutron activation cross section for Pd’ with pile 
neutrons (neutrons from the high flux position of the 
Chalk River NRX reactor) was found to be 4.8 barns 
by resolution of Fig. 2 using the half-lives of 17.0 days, 
7.60 days, and 13.6 hours, and knowing the total time 
and flux of the irradiation. This value is based on the 
above thermal neutron cross section of 11.7 barns 
for Pd. 

Several assumptions were made in arriving at this 
cross-section value. First it was assumed that the con- 
tribution to the Pd'® and Pd'® cross sections by reso- 
nance neutron activation is either negligible or equal 
for the two isotopes. Resonance absorption peaks which 
may be assigned to Pd'® have been reported recently** 


“1. J. Hughes et al., Atomic Energy Commission Report 
AECU-2040, 1952 (unpublished). 
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for palladium and may invalidate this assumption to 
some extent. Since the Pd’ decays by orbital electron 
capture the relative counting efficiencies of the K 
x-rays of rhodium and the beta-particles of Pd!” must 
be evaluated. The ratio of the counting efficiencies of 
the Pd beta-particles to the rhodium x-rays was found 
to be about 87:1 by calibrations involving counting of 
the Rh'™ conversion electron in an internal counter 
and counting the Pd'® x-ray in the Amperex chlorine- 
quenched tuhe.”® 

The error of the cross-section value of Pd' is de- 
pendent on the +20 percent probable error of the value 
of Seren et al.‘ The decay data presented in this paper 
establish the ratio of the Pd'®: Pd'™ cross sections within 
an error of about 5 percent, if the two assumptions listed 
above are completely valid. Note, however, that any 
change in the established value of the Pd!® activation 
cross section or any corrections involving resonance 
activation contributions to either the Pd’ or Pd'® 
cross sections or more accurate determinations of the 
relative counting efficiencies of the Pd' beta-particles 
and the rhodium x-rays in chlorine-quenched GM tubes 
would mean a linear change in the cross-section value 
of Pdi, 

The establishment of the half-life of Pd! as 13.6 
+0.1 hours may require the re-evaluation of certain 
yield and cross-section data based on a 13.0-hour half- 
life. For example the Pd'” fission yield reported by 
Seiler’ may be changed somewhat when the best 13.6- 
hour line is drawn through his experimental points. 
Indeed, as noted previously, even the 11.2-barn activa- 
tion cross section for Pd! is changed to 11.7 barns 
when the new half-life value is used. 

It is a pleasure to acknowledge the assistance of 
Mr. C. H. Hetherington of Atomic Energy of Canada 
Limited in procuring the source irradiation and the 
kindness of Professor L. E. Brownell, Director of the 
Fission Products Laboratory of the University of 
Michigan in making available to the author a small 
portion of the palladium source. This work was made 
possible by a Summer Faculty Research Fellowship 
sponsored by the Michigan Memorial-Phoenix Project. 

%T am grateful to Mr. A. H. Emmons of the Radiological 
Safety Department of the University of Michigan for making 
available his counting data to help in determining these counting 
efficiencies. 
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A comparison was made between theory and experimental data for the spectrum of Gd II. All bary 
centers of the terms fit very well to the theoretical formulas, but the calculation of the Landé g factors 


shows deviations from LS behavior. 


INTRODUCTION 


WING to the rarity of these elements on the one 

hand and the great number of electrons on the 
other, the spectra of the rare earths are only little 
known, and the theoretically possible terms are so 
numerous that a thorough classification of the spectrum 
has not been achieved in any case.' 

However, in the Eu I isoelectronic series the lower 
part of the spectrum is essentially (apart from the high 
multiplicities) a two-electron spectrum, owing to the 
existence of a parent term, 4/7 8S° to which most of the 
lower levels belong. A partial analysis of the spectra 
based on this parent was accordingly made.?* To make 
possible the analysis of the more complicated spectra 
belonging to the neighboring elements, a more theo- 
retical guidance seems necessary, and the starting point 
should be the theoretical investigation of the compara- 
tively simpler Eu I series spectra, and the evaluation 
of the Slater’s parameters from them to serve as 
starting values for the calculations in the more compli- 
cated cases. 

The known spectra belonging to the above-mentioned 
series are those of Eu P and Gd IL* The ionization in 
the latter leads one to expect intercontigurations inter- 
action in a lesser degree and a simpler structure of the 
spectrum. Accordingly we began working on_ this 


spectrum. 


CALCULATION OF THE ENERGY LEVELS 


An inspection of the experimental data* shows that 
the Landé interval rule is almost exactly obeyed, and 
the LS approximation should be sufficient for our 
purposes; but the fact that Russell was unable to 
assign the configurations of the even P terms shows 
that interaction between configurations should be of 
importance. 


I. The Electrostatic Energy 


In our approximation the energy is the sum of four 
terms, 


W (filile) =W(f)+EW(fL)+W (file) +W (he). (1) 


1W. F. Meggers, J. Opt. Soc. Am. 41, 143 (1951). 

2H. N. Russell and A. S. King, Astrophys. J. 90, 155 (1939); 
Russell, Albertson, and Davis, Phys. Rev. 60, 641 (1941) 

3H. N. Russell, J. Opt. Soc. Am. 40, 550 (1950). 


The first term W(f") is common to all che terms we 
shall consider, as they are all based on the same parent 
4f?*S°, so it is unnecessary to calculate it explicitly 
for their comparison. 

The interaction of an fl pair is of the form 


W (fl) =a(L) —3[14-4(s,-s8,) ](L), (2) 


where a(L) and 6(L) are linear combinations of Slater’s 
F’s and G’s, respectively. The coefficients in these 
combinations are scalar products of tensors,‘ whose 
rank is determined by the well-known triangular 
conditions. Summing now overall the seven f electrons, 
the triangular conditions give the following: that be- 
cause all our terms come from an S parent, the contri- 
butions of all tensors of rank different from zero 
vanish, and the contribution of an fl pair to the inter 
action between f? °S° and / reduces to 
W (fl) = Fo( fl) —4[.14-4(s,-s,) |, (2’) 

where 6 is that part of the exchange interaction which 
is given by the term with r=0 in Racah’s equation 
(60) IL.4 

In the same way the interaction between the two 
outer electrons is 


W (Ale) = Fo (dle) t A(L) -— 1 +-4(8;- 8») |B(L), 
where A and B depend upon Z and are given by Condon 
and Shortley.® Summing all this, one finally obtains 
W (fille) = W(f7) +7 (Fol fli) + Fol flz)) + Fo(hile) 

+ A (7 2)(b;+b2)— B/2- 2b, (S;-8;) 
2b.(S1-S2) —2B(s;-82), (3) 


(2’’) 


where S, is the spin of the parent term 4f7 8S°. 

Calculating explicitly the matrices of these operators, 
which are of order two in the octuplets and reduce to 
simple elements in the decuplets and the sextuplets,® 
one obtains finally: 


For decuplets, 


W(°L) = Wot A(L)—7(b1+-b2)— B(L), (3a) 


for sextuplets, 
W(®L)=Wot+A(L)+6,+6,.—B(L), 


4G. Racah, Phys. Rev. 62, 438 (1942). 

*E. U. Condon and G. H. Shortley, Theory of Atomic Spectra 
(Cambridge University Press, Cambridge, 1935), Sec. 5. G. Racah, 
Physica 16, 651 (1950), Eqs. (7)-(10). 

® See reference 5, Condon and Shortley, Chap. III. 


(3b) 
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and for octuplets, 


O|| Wo+A(L) — (7/2) (b+ 62) + B(L) 


WAL)= || 

1} (3/2)(7)*(by— bz) 
with Wo=W(f1)+7F o(fli)+7F o(flz)+ Folie); in the 
last matrix the rows and columns are labeled by the 
values of the resultant spin s;+82 of the two outer 
electrons. 

For two equivalent electrons the formulas are 
obtained from those above by putting Fo(fl,) = Fo( flr). 
b= bo, B(L)=0. 

The matrix elements of configurations-interaction for 
the cases needed in our problem are already explicitly 
calculated.’ Table I gives the values of the 6’s for the 
different / electrons. 


II. The Spin-Orbit Interaction 


Its form is 
> ¢(nt') (h-s,), (4) 
where ¢(n'l') is the one-electron spin-orbit parameter, 
and the summation extends over all the electrons. But 
in the terms based on an °S parent, the sum over the f 
electrons vanishes, and there remains an expression 
(4’) 
As we are interested, in the LS approximation, only 
in averages of this expression, we may take in the 
scalar product only the components of I parallel to L, 
and likewise for s. Since 
(L-DL 
’ 
L(L+1) 


1(i-81)+ fo(1e-82). 


(S-s)-S 
$||= ’ 
S(S+1) 


one obtains finally for the spin-orbit interaction the 


(9) 


expression 
¢(ySL)(S-L), (6) 
with 
(L-1,)(S-s;) (L-1,)(S-s») 
S(ySL)= $1 wie ae Epo RTE 
L(L+1)S(S+1)  L(Z+1)S(S+1) 
and the matrices of the last operators can be calculated 
by the usual vector-coupling formulas.® 
COMPARISON WITH EXPERIMENT 


I. The Electrostatic Energy 


Formulas (3a, b,c) show that from the four multi- 
plets having the same / and belonging to the same 


TABLE I. The “scalar” part of the exchange interaction for fl. 
b 

G3( fs) 

15G2( fp) +12G,(fp) 

3G, (fd) + 12G3( fd) + 66G;( fd) 


7 See reference 5, G. Racah. 
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(3/2)(7)*(b:— bs) 


| 
| (3c) 
W o+A(L)—(5/2)(b1+ 62) — B(L) || 


configuration, one can obtain, if configuration-inter- 
action does not exist, the W o+A(ZL), 6:, bo, B(L). If 
the values obtained for the same parameter from 
differents groups of multiplets are in bad agreement, or 
if one obtains unacceptable values (for instance, a 
negative value for an essentially positive parameter), 
configurations-interaction must be considered. Consider- 
ations of this kind brought us to assume interaction 
between the P terms of f’ sp and f’ dp, and between 
the *D terms of f’ sd and f? a’. 


TABLE II. The terms of Gd II. 


Cal 


1018 

3925 

5 125 

8 924 
10 397 
11 108 
13 544 
17 882 
18 482 
26 906 
28 342 
29 625 
29 866 
30 256 
32 208 
32 097 
33 009 
33 864 
36 654 
38 245 
38 950 
39 769 
40 903 
42 891 
49 290 


Term Obs 


6s5d a 991 
6s5d a*p° 3 883 
5d? a 7° 5 403 
6s5d b*D 8 959 
6s5d a *)° 10 429 
5d? a “p° 11112 
5d? a *F° 13 261 
5d? ¢ *p° 17 884 
5d a *G° 18 472 
6s6p s®P 27 067 
5d6p 2 OF 28 435 
6s6p s*P 29 014 
Sd6p 2) 29 904 
5d6p z §p* 30 103 
6s6p y *P* 32 252 
6s6p s¢P 32 471 
5d6p 2 °F 32 816 
5d6p y¥P 33 727 
S5d6p y®D 36 670 
5d6p 2 °F 38 456 
5d6p 2 *pP 39 167 
5d6p 2*D 39 803 
Sd6p y *F* 40 978 
5d6p y °P 42 743 
Sd6p w §p* 49 270 


Mean deviation 
Mean error 


Config 


The comparison between theory and experiment is 
given in Table II, and is as good as could be desired in 
the approximation on which we are working, although 
it must be remembered that the number of “free” 
parameters is not much smaller than the number of 
terms (17 against 25). The most probable values of the 
parameters, as obtained by least-squares calculations, 
are given in Table IIT. 

The percentages contribution of the different configur- 
ations to the eigenfunctions of the terms were calculated 
too, and are given in Tables IVa, b, and d. It is seen, 
that in all the terms, except the y, w *P, one configur- 
ation contributes much more than the other, so that a 
configuration assignment to the terms can be made. 
Only in these two §P terms the configuration loses its 
meaning. 





SPECTRUM 


In the case of the octuplets, for reasons of conveni- 
ence, we calculated the matrices in the scheme of 
eigenstates of $,;+82, and in Table II we designated by 
a star (*) the states where the spins of the two outer 
electrons are antiparallel, although this characterization 
has only a partial meaning, like the designation of the 
configuration, and the question arises: Which is the 
most proper designation? On the other hand, the con- 
ventional designation of the states is by their limit, 
i.e., by the parent term of Gd III to which they belong. 
To see which designation is more appropriate physically 
in the present cases, we also calculated the eigen- 
functions corresponding to a given value of the spin of 
the parent terms and observed which functions were 
closer to the eigenfunctions of the energy. 


TABLE III. Most probable values of Slater’s parameters. 


Parameter Most probable value 


W o(6s6p) 
B(6s6p) 
b(6s) 
b(6p) 

W 0(5d6p) 
F.(5d6p) 
G,(Sd6p) 
Gi(Sd6p) 
R'(5d6p, 6s6p) 
R?*(5d6p, 6s6p) 
b(5d) 

W o(6s5d) 
B(6s5d) 
R?(5Sd?, 6s5d) 

W 0(5d?) 

F (5d?) 

F (5d?) 


The results are also given in Tables [Va, c, d, where 
the contributions of the different states to the real 
eigenfunctions are given in the two schemes. One sees 
that sometimes one designation is better, sometimes 
the other, without any clear superiority, and we 
retained, therefore, the designation of the scheme in 
which we calculated. 


II. The Spin-Orbit Energy 


Here it was necessary to equate the diagonal elements 
of the ¢(ySL) of (6) in the scheme of eigenfunctions of 
the electrostatic-energy to the experimental values 
obtained for them, and to obtain the best values for 
¢a and ¢, by least squares from the twenty-five linear 
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TABLE LV. Composition of the various terms of Gd II. 


(a) *D° terms 
f7(8S) 
+d2(1D) 


f7(8S) 
+sd(3D) 


f7(8S) 
+sd('!D) 
55 


44 
1 


PsOS)\d f? 


0 
83 
16 


40 5 | 
40 16 
20 79 | 
b) ©P and *P terms 
Term Msp 
s ™P iy 
y™P 
90 
10 


s §P 
y *P 
(c) *D and *F terms 
f7(8S) +dp(@L) f7(8S) +dpCL) f'd(*D) p 
80 93 
20 7 


Term 


z °D 
y*D 


20 
80 


SF 89 11 
) 8R 11 89 
(d) §P terms 
f7(8S)-+spP) #'(8S)+spCP) (74S) +dpGP) f(8S) +dpUP) 


z §P 4 18 
y *P 39 1 
xr 8p 79 
w*P 49 3 


Term 


Term PdeD)p 
23 
31 
29 
18 


equations so obtained for them. The deviations after 
fitting the parameters were much greater than the 
values of the ¢(ySL) themselves. 

In fact, this can be seen without detailed calculations, 
from the experimental fact that the distance between 
the extreme levels of the decuplets is in almost all cases 
about twice or more as large as that of the sextuplets, 
while both the classical vector-model, and the rigorous 
quantum-mechanical treatment, show that it should be 
about equal. 

In conclusion, it is seen that the calculation of the 
splittings of the multiplets in an LS approximation 
has no meaning, and in order to calculate them one 
needs to consider also the nondiagonal elements of the 
spin-orbit interaction. 

I thank Professor Racah for his continual help 
throughout the work. 
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The intermediate coupling approximation succeeds in explaining the different spins of Li® and B™, where 


the LS coupling and the jj coupling fail. 


INTRODUCTION 


HE calculations of the energy levels of Li® and 

B in the p” shell model have shown that in LS 
coupling the ground states of these nuclei belong to 
J=1, and in jj coupling to J/=3.! The experimental 
spins are 1 for Li® and 3 for B®. It seemed probable, 
therefore, that an intermediate coupling approximation 
would succeed,? where the extreme couplings failed. 

In order to see this, the matrices of the binding en- 
ergy of these two nuclei for J/=1 and for J/=3 had to 
be calculated in this approximation, and the levels 
with highest binding energy compared. 

In the present model and approximation the energy, 
apart from the central field energy which is common to 
all the configuration and which can be overlooked, 
therefore, when comparing the levels, consists of two 
parts considered together as a perturbation on the 
central field energy: the energy of the nuclear forces 
proper, which is taken as the sum of the interaction 
energies between all pairs of the nucleons, and the 
spin-orbit interaction which is written analogously to 
the atomic case. The elements of the energy matrix 
will therefore be linear combinations of three param- 
eters, 9, Ff, and ¢,, where the F’s are Slater’s general- 
ized parameters and ¢, is the spin-orbit parameter. 
Therefore, the energy values will be, in appropriate 
units, functions of two ratios only. 

If the binding energies are described by surfaces in 
3-dimensional space, the experimental spins will show 
that for ¢, very large as compared with the F’s the 
surface for J=3 will be higher than that for J=1, or 
E;> E,, while for ¢, small the contrary happens. There 
is, therefore, a line in the finite part of the plane, where 
E,=E£;. And in order that both spins will be accounted 
for by the theory, the line for Li® should be on the side 
of the higher ¢ with respect to that for B', at least 
for some values of F’2/F. 

In the case of Li® the matrix is of order three for 
J=1 and reduces to one element for J=3; therefore, 
one can find the equation of the curve in terms of the 
above ratios of the parameters explicitly. In B!' the 
matrices are of the tenth order, and so an explicit 
equation cannot be found; but from the equation for 
Li®, the value of the critical {o, for which £,=£; (in 
terms of Fo and F2), has to be substituted for ¢ in the 
matrices of B'°, the eigenvalues of which may be ex- 

1E. Feenberg, Phys. Rev. 76, 1275 (1949). 

2G. Racah and N. Zeldes, Phys. Rev. 79, 1012 (1950). 


pressed, in arbitrary units, as functions of the ratio 
F,/F. Varying this ratio one obtains each time two 
numerical matrices the eigenvalues of which are to 
be compared. 

Between which values is the ratio to be varied? 
Owing to the rarity of experimental material, very 
little is known of Slater’s nuclear parameters. They are 
known to be positive by definition, and the ratio F2/F 
is known to depend upon the range of the nuclear 
forces, being small for long-range forces, and reaching 
the value 0.2 for 6-interaction. As the range of the 
nuclear forces is only little known, we explored all the 
interval between 0 and 0.2. 


THE INTERMEDIATE COUPLING APPROXIMATION 
1. The Energy Matrices 


Rosenfeld shows® that, if the interaction between 
two nucleons is given by a linear combination of the 
interactions of Wigner, Majorana, Bartlett, and Heisen- 
berg, with the same distance dependence in each, the 
coefficients of the combination are approximately de- 
termined by the saturation requirements of the nuclear 
forces. The combination which results is 


14 7 4 
—V y+—Va——Vu, 
15 15 15 


(1) 


and we shall suppose this form for the nuclear potential. 
The part of the energy due to the nuclear forces is then 
found from the tables of Racah.‘ 

The spin-orbit interaction has the form 


‘ p2i(Ii-s;), (2) 


and the calculation reduces to that of 2,(I;-s,). A gen- 
eral formula for the matrices of such operators has been 
given by Racah.® In the practical utilization of it we 
used further the property of the coefficients of frac- 
tional parentage to decompose into factors, each of 
which depends only on part of the quantum numbers 
specifying the states.* These factors had already been 
calculated by Racah,’ and were used by us for the 
3L. Rosenfeld, Nuclear Forces (Interscience Publishers, New 
York, 1948), p. 234. 

4G. Racah, Helv. Phys. Acta 23, 229 (1950). 

5G. Racah, Phys. Rev. 63, 367 (1943), Eq. (23). 

®G. Racah, Phys. Rev. 76, 1352 (1949); Princeton Notes, 
1951, p. 66 (unpublished). 

7G. Racah (private communication). Mean while extensive 
tables of these coefficients were published by H. A. Jahn in Proc. 
Roy. Soc. (London) 205, 192 (1951). 
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SPINS OF Lit AND B!#°¢ 


TABLE I. The matrix of 3,( 


BP 


50(3)4 
30(3)4 
0 
50(3)# 


(a) 60 2, (1, 


(321) ( 


IN THE SHELL 


l;-s;) of p* in the LS scheme. 


-s;) for J =1 


321) 


BD) 


0 


—3(15)4 


0 
(15)# 
0 
0 


12(30) 


(420) 


(321) 
ZTSL AY 6p 


(222) "S 210(2)$ 0 0 0 
(321) “P 0 105(2)4 63(15)4 0 
(321) »D 105(2)* ( 0 0 
(321) 8D 63(15)# 0 0 
A UF 0 0 
B Uz 42(30)! 0 
(420) 8D 42(35) 0 0 
(420) 8p’ 42(5)! 
(420) 3 42(10)! 


(321) (321) A 
16.) 13) up 


18(5)+ 


0 
0 
30(6)! 


(b) 210 3,(1;-s,;) for J=3 


B (420) 
up 137) 


0 0 

0 42(35)4 

0 0 
42(30)! 0 

0 0 

0 18(70)! 
18(70)3 0 

0 14(105)! 

0 16(210)# 


(420) 8G 


Q()(7)4 


0 


MODEL 


(420) 
AY 


(420) 
8p)’ 


0 
0 
70(6)4 
42(5)4 
70(6)4 
0 
14(105)! 
0 
0 
0 


(420) 
13) 


0 
2(35) 
0 

6(35)4 
0 
0 
2(70)# 
0 
0 
6(105)* 


(420) 
ish 
0 
0 
70(3)4 
42(10)* 
70(3)4 
0 
16(210)4 


(420) 
apy’ 


0 
0 
30 
0 
18(5)! 
30(6)! 
0 
0 
6(105)4 
0 


(420) 


1G, 


0 

0 

0 

0 

0 
90(7)* 

0 

0 
45(2 )4 


0 


calculation of the spin-orbit matrices for the charge 
singlets of p® with J=1 and J=3, which are given in 
Tables I(a) and I(b). The states are labeled by 2, the 
partition specifying Wigner’s supermultiplet to which 
the state belongs, and by 27+1, 2S+-1 and L, T and 
S being the isotopic and ordinary spin numbers and L 
the orbital quantum number. a 
spin-orbit parameter. For p’ the matrices are well 
known. 


it, is the positive 


2. The Curve for Li® 


The energy matrix for the charge singlet with J=1 is 
"D)| Ep—3ea 
"uP|}—(10/3)'a 
BS 0 


~(10/3)3a 
Ep 
2(2/3)sa 
where the E, stands for the nuclear binding energy of 
the corresponding Z term without spin-orbit inter- 


action. For J=3 the matrix has only one element: 


BDN= Ep+2a. (3’) 


Subtracting this element from the diagonal elements of 
the matrix for J/=1 one obtains a matrix 

—(10/3)ba 0 
— (10 3)ba Ep—Ep—2a 2(2/3)%a 


| 0 2(2/3)la  Es—Ep 


-5a | 
1, (4) 
- 2a 

all the eigenvalues of which are negative when a is 
vary large, while for a small @ there is also a positive 


8’ E. U. Condon and G. H. Shortley, Theory of Atomic Spectra 
(Cambridge University Press, Cambridge, 1935), p. 268 


one. The transition occurs at the critical value a for 
which there is a zero eigenvalue, and therefore the 
determinant (4) vanishes. Developing this determinant 
we obtain for ag the value 

3(Ep om Ep)(Es Ip) 


’ 


10E p- OE p 4K s 


and inserting the values of the terms in Rosenfeld’s 
mixture (1), 


Ep=Fo+-F2, Ep= — (9/5) (Fo—5F 2), Es= Fo+10F 2, (6) 


one obtains finally 


9 TF ‘i 20F » 


14 
3. Limiting Cases 


The value of ao from Eq. (7) was now substituted 
for a in the energy matrices of B'®, and the highest 
binding energies of J=1 and J=3 were compared. 

The end points of the interval of variation of the 
ratio :/F, could be dealt with easier than the inner 
part of the interval, and so will be considered first: 


A. Long-Range Limit: FF, 
Neglecting higher powers of F2/Fy we get, from (7), 
a= (9/2)Fa, (8) 


and we shall regard F, as a perturbation. In this ap 
proximation it is sufficient to diagonalize that part of 





“ 
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TABLE II. The nonvanishing elements of the nuclear forces 
binding energy matrix of p® in the LS scheme. 


Row and column The element 


J=1 
mal elements 
— (5/3) Fy+(275/6)F 

3 Fy +36 Fy, 

3 Fo+(168/5)F, 
(17/15) Fo4+- (644/15) F 2 
(17/15) Fot+- (2968/75) F 2 

3 Fot+(231/5)F 2 

3 Pot (243/5)F2 

(29/5) Fo + (487/10) F 2 
(29/5) Fe+- (979/25) Fs 
(29/5) Fo+ (203/5) F 


Diag 
(222) 
(321) 
(321) 
(321) 
(321) 
A 
B 
(420) 
(420) 
(420) 


18g 
1b p 
1b J) 
3p 
3) 
up 
up 
139 
4) 
apy 


. { 
yond 


(420)'8S 
(420)"D 


iagonal elements 


(3/2)(3)§ F, 
(12/25)(21)4 F» 


(222) ¥S— 
(321)8D— 


J =3 


Diagonal elements 


(b 


i7¢g 
1b Pp 
6) 
ap) 
Ly 
Up 
13J) 


(222) 
(321) 
(321) 
(321) 
A 
E 
(420) 
(420) 4p’ 
(420) 8F 
(420) ®G 


5) Fe 
5) Fe 
25)F: 
/S) Fy 
/5)F, 
5) F 


(29/:! 
(29/! 
(29/5 
(29/: 


Nondiagonal elements 


(321)8D—(420)8D (12/25)(21)4 Fy. 


the energy matrix which belongs to the maximal 
unperturbed eigenvalue, and from Tables I1(a) and (b) 


ZELDES 


it follows that this unperturbed value is that of the 
super-multiplet (420), both for /=1 and for J=3. 
The secular equations for this supermultiplet are of 
order 3 and 4 for J=1 and J=3, respectively. When 
the value (8) for ao is inserted in them and the calcula- 
tion performed, one obtains 
E, = (29/5) Fo+49.13F 2, 
E,= (29 5) Fo+49.77F 2, 
and we see that the binding energy for /=3 is higher 
than for J/=1. 
B. Short-Range Limit: Fo—5F2<<F 0 
Here ap becomes infinite of the first order, and we 
need to go over to the 77 scheme. The matrix of @ be- 
comes diagonal, and the matrices of the coefficients of 
Fy and F, are given in Tables III(a), (b) and IV(a), (b), 
where the states are labeled by the numbers of nu- 
cleons having j=} and j=}, though this specification 


(9) 


is not complete. 

Here we consider Fy and F2 as a perturbation to a. 
Neglecting /o—5F2, we obtain for the eigenvalues in 
the first approximation of the perturbation theory 


E, = E;=6a)+ 54FP 2, 8) 


and we have to pass to the second approximation. The 
usual formula gives 
E, = 609+54F 2+ (107/45) (Fo —5F 2) 
+ (146/5)(F? 
E,= 6ay+ 5442+ (59/15)(Fo—5F 2) 


+- (79 5)(F 2 ‘ao). 


TABLE III. The matrix of the coefficients of Fo/45 of p* in the jj scheme. 


(a) 
(py pia 
14(6)4 
177 
0 
14(3)4 
28(2)! 
14(21)! 
14(2)4 
0 
14(6)4 
0 


14(; 
28 
14(; 
0 
14 
0 
0 


28(2)4 
14(3) 
7¢2)9 
149 
0 
0 
0 
14(3)! 
7(2)# 
28(2)4 


56 
0 
107 
7(2)! 
14(3)! 
7(14)! 
28(3)4 
14(6)! 
42 
0 


py 

(PP Pia 
(py pie 
(py* py) a 
(py Pye 
(py* pyc 
(py* py") d 
(py py)a 
(py py) 8 
py? py 


14 
~14 


(b) 
(py Pade 


4(21)4 
0 


(PP Pia 
12(14)! 
177 
0 
2(42)¢ 
6(2)! 
4(6) 
2(42) 
12 
16(6)* 
0 


(py' py) a 
14(3)4 
-2(42) 
12(7)4 
219 

0 

0 

0 
2(42)! 
12(7)4 
14(3)4 


py 
177 
12(14)! 
4(21)? 
14(3) 
12(7)# 
8(21)# 
14(3)¢ 
0 
0 
0 


py® 1 


(py pada 
(py pie 
(py py) a 
(py py) 
(pa! Pi)e 
(py py?) v 
(py py) 
(py py) 
by py 


177 1 
2(7)4 
2(3)4 
24 
12(7) 
16(6)4 
30 


0 


l 
1 


(py pide (Py pa (py PPB 


28(2)4 


(fy 


—6(2)4 


6(2)4 


J=1 
(py* py’) B py? py 
0 
14(6)* 
42 
7(2)4 
14(3) 
7(14)4 
28(3)4 
0 
107 
56 


(pat py?) 
14(14)# 
14(21) 
7(14)4 
0 
0 
65 
0 
14(21) 
7(14)4 
14(14)} 


(py PY) (by py) A 
14(3)4 0 
14(2)! 0 
28(3)* 14(6)! 

0) 14(3)¢ 
0 28(2)+ 
0 14(21)+ 
205 14(2) 
14(2)4 177 

28(3) 0 

14(3)! 14(6)! 


3)4 
(2)4 
3) 
28(2) 
14(3)! 
—14(14)3 
-14(3)4 
14(6)# 
56 
107 


Y 


(3)4 
(3) 


J =3 
‘py )e 
2(7)# 


py? py 
0 
0 
0 
14(3)4 
12(7)4 
8(21)! 
14(3)4 
12(14)$ 
—4(21)4 
177 


(py? py) a 

0 

12 
16(6)4 
2(42)! 
6(2)4 
4(6)? 
2(42) 
177 

0 
12(14)! 


(py py) v 
14(3)! 
2(42)4 

12(7)4 

0 

0 

0 
219 
2(42)4 

12(7)4 

14(3)# 


(py pe 
8(21)# 
4(6)3 
24 
0 
0 
135 
0 
4(6)! 
24 
8(21)! 


(py py )B 
0 
16(6)! 
30 
12(7)4 
12(3)4 
24 
12(7) 
0 
177 
4(21)4 


2(3)4 
0 
135 
0 
0 


12(3)4 
12(7)4 
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TABLE IV. The matrix of coefficients of F2 of p* in the jj scheme. 


(a) Coefficients of F;/45 for J=1 


pi’ 

(py® pada 

(py pide 

(pat py) a 
(py* pi) B 
(py pyc 
(py* py") p 
(p,? py)a 
(py* py?) 
py? py 


pi 

(pa® pada 
(py pide 
(py! py) a 
(py py)s 
(py pec 
(py! py) d 
(py py) A 
(ps py)B 
by py 


py 
1895 
2(6)4 
26 
50(2)# 
65(3) 
— 25(14)4 
— 25(3)4 


py’ 
10.815 
96(14)+ 
—94(21)4 
—175(3)3 
—150(7)3 
— 100(21)4 
455(3)3 
0 
0 
0 


(py? paa 
2(6)4 
1905 

— 36(6)3 
65(3)4 
31(2) 

—11(21)! 

-70(2)4 
—~90 

— 25(6)3 


(py pada 
96(14)# 
10.383 
432(6) 
70(42)4 
—168(2)+ 
140(6)* 
—70(42)3 
795 
—200(6)* 
0 


(py py) 
26 
36(6)* 
1994 
35(2)# 
20(3)# 
35(14)4 
22(3)3 
25(6)4 
60 


(py Py)B 
—94(21)4 
432(6)* 
11.310 
210(7)4 
—420(3)4 
— 588 
42(7)3 
200(6)4 
570 
0 


(pst Pia (Oa Pye 


50(2)4 
65(3)4 
—35(2)4 
1802 
0 
0 
0 
65(3)3 
— 35(2)3 
— 50(2)4 


65(3)* 
—3i(2)4 
20(3)# 
0 
1874 
36(42)! 
-72 
31(2)4 
— 20(3)4 
—65(3)* 


(py' P¥)c 
25(14)! 
11(21)! 

35(14)? 

0 

36(42)4 

1898 
0 

11(21)! 
35(14)4 

25(14)4 


(b) Coefficients of F2/315 for J=3 


(py py) a 
—175(3)4 
70(42)4 
210(7)4 
10.794 


70(42)4 
210(7)$ 
175(3) 


(py' py )e 
—150(7)4 
— 168(2)4 
—420(3)4 
0 
10.584 
0 
216(21)! 
168(2)+ 
420(3)3 
150(7)3 


(py' p¥)ec 
~100(21)4 
140(6)* 
588 
0 
0 
11.466 
432(7)3 
140(6)4 
588 


100(21)4 


(py PY)D (h¥ pi) a 


— 25(3)4 
-70(2)4 
22(3)! 
0 
72 
0 
1792 
70(2)4 
22(3)4 
25(3)# 


(py py) p 
455(3)4 
70(42)4 
42(7) 
0 
216(21)3 
432(7)4 
10.668 
70(42)4 
42(7)% 
~455(3)4 


0 
90 
— 25(6)4 
65(3)4 
31(2)4 
11(21)3 
70(2)4 
1905 
36(6)) 
2(6)4 


(py py) a 
0 


795 - 


— 200(6)+ 
70(42)4 
168(2)4 
140(6)4 
70(42)4 
10.383 
432(6)4 
96(14)4 


(py? py?) 


0 
~25(6)? 
60 
—35(2)4 
—20(3)* 
—35(14)4 
— 22(3)4 
36(6)3 

1994 
26 


(py pi) 8 


0 


— 200(6)* 


570 
210(7)3 
420(3)4 

588 
—42(7)4 
432(6)# 

11.310 
94(21)4 


— 50(2)4 
65(3)+ 
25(14) 
25(3)4 
2(6)4 
26 
379 


py? py 
0 
0 
0 
175(3)+ 
150(7)4 
100(21)4 
455(3)4 
96(14)4 
94(21)4 
10.815 


TABLE V. Values of F3/E, for 0< F2/Fo<0.2. 


After inserting for a in the last terms its value in this 
approximation, which is seen from (7) to be 


135 F? 


a= 


14 Fy)—5F, 
the final values obtained are 


E, = 609+ 54F 2+ (3649/675)(Fo—5 
E, = 600+ 54F 2+ (3761/675)(Fo—SF2), 


and we see that here too E;> EF. 


4. Numerical Calculations 


To see what happens for intermediate ranges of the 
nuclear forces, we had to diagonalize numerically the 
matrices of order 10, after inserting for @ the critical 
value ao. We took a set of values of F'2/F'y) between 1/35 
and 0.198. For F2/Fo<0.16, the matrices in LS scheme 
were used, and the diagonalization was made with the 
electrical network of the Physical Department of the 
University.’ In the last five cases, F2/Fy)>0.17, the 
matrices in the 77 scheme were used, and the eigen- 
9A. Many, Rev. Sci. Instr. 21, 972 (1950); thesis, Jerusalem, 
1950 (unpublished). 


Fi/Fo 
1/35 
0.05 
0.08 
0.10 
0.11 
0.12 
0.14 
0.16 
0.17 
0.18 
0.19 
0.195 
0.198 


12.920 
13.977 
16.741 
21.438 
25.738 
33.869 
57.433 
103.931 


242.915 


Ea/Fo 
7.2959 
8.5380 

10.520 

12.104 

13.025 

14.077 

16.819 

21.488 

25.764 

33.887 
57.443 
103.935 
242.917 


Es/Ey 
1.0052 
1.0087 
1.0104 
1.0092 
1.0081 
1.0072 
1.0047 
1.0023 
1.00101 
1.00053 
1.00017 
1.000038 
1.000008 2 


values were found by the perturbation formulas up to 
and including the third order, which sufficed for our 
purposes, as the rapid convergence of the first three 
approximations had shown. 

The results are given in Table V and are seen to 
behave quite regularly. It is seen that the theory suc- 
ceeds in explaining the facts for all the ranges of the 
nuclear forces. 

I thank Professor Racah both for suggesting the 
problem and for his continual help throughout the 
work, and Dr. Many for his help in operating the elec- 
trical network diagonalizing the numerical matrices. 
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An approximately 50-kev thick carbon target enriched to 61 percent C™ was bombarded by 3.89-Mev 


deuterons. The neutrons resulting from the C* 


(dn)N* and C!#(d,n)N"™ reactions were detected in photo 


graphic emulsions placed at angles of 0°, 20°, 45°, and 80° with respect to the incident beam. It was possible 
to examine the energy level scheme of N“ up to 8.1-Mev excitation and by means of Butler’s stripping 


theory to assign parities to the first three excited states 


Energy levels of N 


'’ are located in this experiment at 2.23+0.10, 3.8540.08, 4.80+0.07, 4.97+0.07, 


5.764+0.05, 6.2340.05, 6.43+0.04, 7.004-0.04, 7.7240.04, and 8.08+0.06 Mev excitation with possible 


levels at 5.5 


£0.1, 6.1240.1, and 7.504-0.04 Mev excitation. The panties of the 2.23- and 3.85-Mev levels 


are found to be even with J <2 while that of the 4.8-Mev level is found to be odd with J=0 or 1. 
As an auxiliary experiment, the C!#(d,p)C reaction was investigated at six angles of observation again 
by use of photographic emulsions. No levels clearly ascribable to C“ were observed below the known 6.1-Mev 


excited state 


I. INTRODUCTION 


HE energy level scheme of N™ has always been 

of considerable interest in the study of light 
nuclei because it affords an insight into the coupling 
rules for two unpaired nucleons. For N™ the possible 
configurations of these nucleons are expected to be of 
sufficient simplicity to lend themselves very well to 
theoretical analysis of the level structure. In addition, 
renewed interest in the hypothesis of charge indepen- 
dence of nuclear forces has once again focused attention 
on the concept of isobaric spin; this concept seems to 
take on a particular interest in the level scheme to be 
discussed. 

Each state of a nucleus is presumed to be character- 
ized, at least partially, by three quantum-mechanical 
properties; the total angular momentum or J value; 
parity; and the total isobaric spin quantum number 7 
The Butler theory of the stripping process! has provided 
a powerful method for obtaining both the parity and 
upper and lower limits to the J value of a nuclear 
energy level. This method has been applied to N' by 
measuring the intensities of neutron groups from the 
C8(d,n)N"™ reaction at four different angles of obser- 
vation. 

The principal results obtained for this nucleus from the 
Butler analysis have been the assignment of parities to 
the first three excited states of N'. By combining 
information from this and other experiments it has 
also proved possible to make what is believed to be a 
self-consistent assignment of J values to these same 
three excited states. 

When nuclear states are identified by means of 
energy measurements made on the outgoing particles 
from a nuclear reaction, there is a chance that a state 
may be overlooked if observations are made at only 
one angle. That is to say, the differential cross section 


t Work supported by the U. S. Atomic Energy Commission 
and the Wisconsin Alumni Research Foundation. 
1S. T. Butler, Proc. Roy. Soc. (London) A208, 559 (1951) 


his state appears to have odd parity, J=0 or 1 


for production of particles which leave a nucleus in a 
particular energy level may be very lowat that particular 
angle. The data at several angles necessary for the 
sutler analysis permit in addition a better investigation 
of the level scheme of a given nucleus. It has been 
possible to examine the excited states of N“ up to 8.1 
Mev, including a previously unexplored region of 
excitation lying between 6.5 and 8.1 Mev. 

An auxiliary experiment was performed in order to 
assign the total isobaric spin quantum number T to the 
levels of N'. If a level in N™ has no analog in C* it 
may be assigned the value 7=0; otherwise it must be 
assumed to be a member of an isobaric spin one triplet. 
The C8(d,p)C™ reaction was examined at six angles of 
observation in order to check once again into whether 
any level in C" lies below the one known to exist at 
6.1 Mev and to assign parities wherever possible. A 
level in C™ at 4.1 Mev had been suggested,” 

The parities of the ground states of N“ and C" are of 
considerable interest in any attempt to explain the 
unusually long lifetime of the C™ beta-decay. Bromley 
and Goldman report that the parities of both ground 
states are even.’ This has also served to fill an important 
gap in the present N"™ parity assignments since the 
results from the present experiment were inconclusive 
for the ground state. 


II. EXPERIMENTAL PROCEDURE FOR THE 
C'3(d,n) N'* EXPOSURE 

3.89-Mev deuterons from the Wisconsin electrostatic 
generator passed through a 90° cylindrical electrostatic 
analyzer and a }-inch defining aperture in 0.01-inch 
tantalum and then struck an approximately 50-kev 
thick carbon target. The target consisted of 61 percent 
C® and 39 percent C” placed on a 0.005-inch tantalum 
backing. The neutrons from the C¥(djn)N™ and 
C"(d,n)N™ reactions were detected by means of East- 
man NTA 200-micron emulsions placed at angles of 0°, 


R. G. Thomas and T. Lauritsen, Phys. Rev. 88, 969 (1952). 
D. A. Bromley and L. M. Goldman, Phys. Rev. 86, 790 (1952). 
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10°, 20°, 30°, 45°, 60°, and 80° with respect to the 
incident beam. The front edge of each emulsion was 
10 cm from the target. 

The processing technique for the Eastman emulsions, 
the range-energy curve used for converting the lengths 
of the recoil proton tracks to energy, and the method of 
measuring tracks and acceptance criteria all appear in 
previous papers.*~® 

The carbon target was prepared by cracking enriched 
methyl iodide obtained from the Eastman Kodak 
Company on a 5-mil tantalum backing. The technique 
was quite similar to that discussed by Seagrave’ except 
that the backing was heated in an induction heater and 
blistering of the carbon deposit was reduced by pro- 
ducing it as a sandwich layer. First, a small square of 
tantalum was outgassed in a vacuum of better than 
10-5 mm Hg. Following this, it was placed on a carbon 
coated lavite block in a system which was then sealed 
and evacuated to a pressure of approximately 10-? mm 
Hg. The tantalum was heated to redness and cracking 
took place as methy] iodide vapor was slowly admitted 
to the system. A final pressure of half an atmosphere 
of the vapor was attained. In order to obtain the thick- 
ness of the target the carbon deposit appearing on the 
upper surface of the tantalum was removed and the 
remaining carbon plus backing were weighed. 

Shortly after the C¥(d,n)N™ exposure a background 
determination was performed by exposing plates at 0° 
and 90° to a target of bare tantalum. The background 
exposure was unsatisfactory in that because of generator 
trouble it had to be performed at almost 0.5 Mev lower 
deuteron energy than the actual C'8(d,n) N“ experiment. 


III. EXPERIMENTAL PROCEDURE FOR THE 
C'5(d,p)C'* EXPOSURE 


The target used for this experiment was obtained by 
peeling a carbon flake from its backing following a 
suggestion of Seagrave’ and placing the flake in a 
tantalum frame. Otherwise, the methed of producing 
the target was as described above. The thickness was 
estimated to be between 50 and 100 kev for 4.00-Mev 
deuterons. 

An analyzed 4.06-Mev deuteron beam passed through 
a 3¥y-inch defining aperture in 5-mil tantalum into an 
evacuated box containing the plate camera. The plate 
camera is shown in Fig. 1. The beam passed through 
the carbon target and was stopped by a system of 
nickel absorbers mounted between the target and the 
emulsions. Six 100-micron Eastman NTA emulsions 
were placed in slots in the plate camera oriented so 
that protons entering the center of each emulsion made 
an angle of 8° with the plane of the surface. Measure- 
ments of track lengths were confined to within’5 milli- 


4F, Ajzenberg, Phys. Rev. 88, 298 (1952). 

5 Richards, Johnson, Ajzenberg, and Laubenstein, Phys. Rev. 
$3, 994 (1951). 

6 Johnson, Laubenstein, and Richards, Phys. Rev. 77, 413 
(1950). 

7J. D. Seagrave, Phys. Rev. 85, 197 (1952). 
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meters of these centers, and except that all tracks were 
assumed to have a dip angle of 8° the same techniques 
as discussed for the (d,x) experiment were used. The 
following nickel absorber thicknesses were used: for the 
—5° and 10° plates, 1.75 mils; for the 25° and 40° 
plates, 1.50 mils; for the 55° plate, 1.25 mils; and for 
the 85° plate, 1.05 mils. The absorber thicknesses were 
chosen to stop elastically scattered deuterons and 
tritons and alpha-particles from all possible deuteron 
induced reactions taking place at the target. For the 
portions of the plates which were located at 7.3 cm 
from the target approximately 1.5 microcoulombs of 
deuteron charge resulted in the maximum density of 
tracks per microscope field of view which could be read 
at the small angles. 

A background run was made by removing the target 
with other conditions being kept the same. Only the 
plates at —5° and 10° had an appreciable number of 
tracks which were acceptable for measurement (i.e., 
dip angle ~8”). 

The angle measurement is uncertain by +3°. Place- 
ment of the plate camera, Rutherford scattering in the 
absorbers, finite extension of the target area and position 
in the plate at which the tracks were measured are the 
factors contributing to this uncertainty. An error of 3° 
would be of importance as regards the positions of the 
—5° and 10° plates relative to each other, but the 
third angular distribution of Fig. 6 suggests this 
difficulty was not present. 


IV. EXPERIMENTAL RESULTS—C'*(d,n)N'* EXPOSURE 


Recoil proton tracks were measured only in the 0°, 
20°, 45°, and 80° plates since it was felt that these 
would be sufficient to define peaks in the Butler theo- 
retical curves. The neutron spectra for these plates 
are shown in Fig. 2. These spectra represent the number 
of acceptable recoil proton tracks per 50-kev interval 
after corrections have been applied for the variation of 
n-p cross section with neutron energy® and for the 
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Fic. 1. Plate camera at midsection showing arrangement of the 
photographic emulsions for the C4(d,p)C™ exposure. 
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Fic. 2. Neutron spectra at the four angles of observation for the C%(d,n) N™ exposure. The relative number of 


probability of tracks leaving the emulsion.’ Each of the 
four spectra shown in Fig. 2 was obtained from a 
certain area scanned on the 0°, 20°, 45°, and 80° plates. 
These areas are in the ratios 1:1.39:2.59:4.73. Where 
tracks of special lengths are measured on a plate to 
improve statistics, the number of tracks in the energy 
intervals involved are scaled down appropriately on the 
plot. In a few cases it was also necessary to apply an 
inverse square law correction when calculating the 
relative area scanned because the strips swept across 
began at a distance further from the target than usual. 
For neutron energies below 4.00 Mev the experimental 
points are plotted in 50-kev intervals; above 4.00 Mev 
they are plotted in 100-kev intervals since the width of 
recoil proton groups from monoenergetic neutrons 
becomes greater for high neutron energies. 

In the case of the 0°, 20°, and 45° plates extra tracks 
were measured corresponding to neutron energies 
greater than 3.75 Mev in order to improve statistics for 


°H. T. Richards, Phys. Rev. 59, 796 (1941). 


energy the spacing is 50 kev between 


these long-range tracks. An additional 153 tracks 
corresponding to neutron energies between 2.05 and 
3.60 Mev were measured on the 45° plate in order to 
help resolve a possible level at 6.1-Mev excitation. 

Since C” is 39 percent of the target and there is the 
possibility of oxygen contamination being present, the 
lines marked N"™, N'*, F'7, and F!™* in Fig. 2 represent 
the positions at which neutron groups from the 
C”(d,n)N® and O'%(d,n) F' reactions would be expected. 
Allowance was made for target thickness. The V values 
used in the calculations were obtained from the “Table 
of Atomic Masses” given by Li, Whaling, Fowler, and 
Lauritsen,'® and the first excited states of N' and F! 
were taken to lie, respectively, 2.37 Mev and 536 kev 
above the ground states." ” 

The experimental angular distributions of the neutron 
groups and the theoretical Butler curves with which 


10 Li, Whaling, Fowler, and Lauritsen, Phys. Rev. 83, 512 
(1951). 
" H. L. Jackson and A. I. Galonsky, Phys. Rev. 84, 401 (1951). 
'2 Fay Ajzenberg, Phys. Rev. 83, 693 (1951). 
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neutrons per 50-kev interval is plotted against neutron energy for each spectrum. Below 4.00-Mev neutron 


points; above 4.00 Mev it is 100 kev. 


they are to be compared are shown in Fig. 3 for the 
cases of N" left in its ground state and each of its first 
three excited states. The experimental points are plotted 
in center-of-mass coordinates; the change of differential 
cross section in transforming from the laboratory to the 
center-of-mass system has been taken into account at 
each angle. 

The angular distribution for the 4.8-Mev level shown 
in Fig. 3 has an uncertainty not related to the standard 
deviation indicated at each point. This uncertainty 
results from the existence of neutron groups from an 
adjacent state of N'*. Slight errors made in the some- 
what arbitrary assignment of tracks to the two sets of 
groups at each angle should not affect the interpretation 
in terms of the Butler theory of the strong forward 
maximum of neutrons from the 4.8-Mev level. 

The L, value associated with each of the theoretical 
curves in Fig. 3 identifies the angular distribution to be 
expected according to the units of angular momentum 
transferred by the captured proton to the capturing 


nucleus. Taking the ground state of C™ to have odd 
parity,'® even values of L, signify odd-parity levels of 
N", and vice versa. Computations of these Butler 
curves were carried out for N" left in its ground state, 
a 3.9-Mev level, and a hypothetical level at 6.0 Mev. 
Because the calculations are lengthy and the shapes of 
the curves vary slowly with increasing excitation, the 
experimental points from the 2.23-Mev level are com- 
pared with the ground state Butler curves; those from 
the 4.8-Mev level are compared with the 3.9-Mev 
curves. The interaction radius used in the calculations 
was taken as 4.8X10~" cm. The L, value is assigned 
to a level by noting with which theoretical curve the 
experimental points most nearly coincide. For the 
excited states the scale of the plots is chosen so that the 
highest experimental point coincides with the peak of 
the appropriate Butler curve. 

Table I summarizes the information obtained from 


C. J. Rotblat, Nature 167, 1027 (1951) has shown that the 
parities of the C® and C% ground states differ. 
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Fic. 3. Angular distributions of neutrons from the lowest 
four states of N'. Center-of-mass coordinates. Solid curves are 
calculated from Butler theory 


this C"(d,n) N“ experiment, and Fig. 4 shows the energy 
level scheme deduced from the average energies of 
neutron groups. The excitation energy of a level was 
obtained by subtracting its weighted mean Q value from 
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the Q value for the ground state. However, the ground 
state value was taken from the “Table of Atomic 
Masses’”® and not from this experiment. The Q value 
from mass measurements is expected to be considerably 
more precise than that which is obtained by converting 
the long recoil proton track lengths to energy; by this 
choice all excitation energies are not subject to a fixed 
error. The excitation energy for each level now depends 
only on the accuracy of the conversion of range to 
energy for the relevant recoil proton track lengths. 
Energy levels in N“ which are considered uncertain 
are shown dotted in the diagram of Fig. 4 and are listed 
with question marks in Table I. The 6.1-Mev level is 
suggested by weak groups at 0° and 45°; the 5.5-Mev 
level evidences itself only as asymmetries in two N® 
peaks. The 7.50-Mev level will be discussed later. 


V. EXPERIMENTAL RESULTS—-ENERGY LEVELS IN C# 


The proton spectra from the C(d,p)C™ exposure at 
each of the six angles of observation are shown in Fig. 5. 
The number of proton tracks per 50-kev interval is 
plotted against the proton energy. Below 4.00 Mev 
proton energy points are plotted in 50-kev intervals; 
above 4.00 Mev in 100-kev intervals. Shown below 
each spectrum is a scale of excitation energy of C™ 
based on the ground-state Q value’? and the absorber 
thickness at each angle. Also indicated on each plot are 
the energies at which proton groups from the C"(d,p)C* 
and O'*(d,p)O" reaction are to be expected after the 
protons pass through the nickel foils. All Q values used 
in the calculation were obtained from the “Table of 
Atomic Masses,’’® and the first excited states of C# 
and O" were taken to lie, respectively, 3.10 Mev and 
(0.87 Mev above the ground states.‘ The areas scanned 
in the —5°, 10°, 25°, 40°, 55°, and 85° plates are, 
respectively, in the ratios 1:1.07:2.44:5.40:3.10:2.77. 
The absorber thicknesses were chosen to stop particles 
from all (d,t) and (d,a) reactions. The Bethe range- 


TABLE I. Summary of results on C(d,n)N"™. 


Level of N¥ O value Q value 
shown in (Mev) (Mev) 
Fig. 4* 20° 45° 


Ground state 5.37 5.40 
3.08 
1.45 
0.45 
0.29 
0.18 

—0(0.46 
0.79 

—0,92 

—1.16 

—1.73 

—2.16 

— 2.33 

— 2.76 


3.09 
1.49 
0.54 
0.40 
0.10 
-0.40 


5.5 +0.1? 
5.76+0.05 
6.1 +0.1? 
6.23+0.05 
6.43 4-0.04 
7.00-+0.04 
7.50+0.04? 16 
7.72+0.04 43 
8.08-+-0.06 76 


-1.13 
—1.70 
—2.20 
—2.41 


“In order to account for a po 
has been added to the estimated probable error of the weighted mean. 


O value Weighted mean 
(Mev) O value* 
80° (Mev) 


5.38 5.40-40.10 


Parity 


Even 


Even 
Even 
Odd 
Even? 


Odd? 


3.07 
1.52 
0.48 
0.32 


3.09+0.10 
1.47+0.09 
0.52+0.08 
0.35+-0.08 
—0.14+0.08 
—0.44+0.05 
0.78+0.06 
—0.91-+0.05 
—1.11+0.04 tee 
— 1.68+0.04 1? Even? 
0? Odd? 


—0.45 
—0.89 
—1.07 
3 —2.18+0.04 
1 


—2.40+0.04 
— 2.76+0.06 


oe 
2. 


< 


ible systematic error in the range-energy conversion, an arbitrary uncertainty of 1 percent of the recoil proton energy 


4 Hornyak, Lauritsen, Morrison, and Fowler, Revs. Modern Phys. 22, 291 (1950). 





ENERGY LEVELS 
energy curves for copper!® were used for all absorber 
calculations, copper having very nearly the same 
stopping power as nickel. 

Included in Fig. 5 is a histogram of tracks measured 
in the —5° background plate. The exposure and area 
scanned were approximately the same as for the —5° 
plate of the C¥(d,p)C™ run. 

The angular distributions which may be obtained 
from this experiment are shown in Fig. 6. Those for the 
C¥(d,p)C™ and C'8(d,p)C™ ground-state reactions are 
in agreement with ones reported previously."** The 
shape which these angular distributions exhibit agrees 
very well with the shape expected for the Butler curve 
for L,=1, i.e., unit angular momentum transferred by 
the captured neutron to the C® nucleus. The theoretical 
curves shown in Fig. 3 may be used for comparison 
since the masses and ( values involved are quite 
similar and the formula from which the curves were 
calculated does not distinguish between (d,z) and (d,p) 
reactions. The fourth angular distribution of Fig. 6 
refers to C™ left in its 6.1-Mev level; also plotted are 
two Butler curves calculated for this case. 


— 5° BACKGROUND -iOO TRACKS 


4 
{= oe ee so ogd | he 
0 10 2.0 3.0 40 5.0 6.0 7.0 8.0 


y 5.0 ) 9.0 
RESIOUAL PROTON ENERGY (MEV) 


Cte 8c” 5° 
400 TRACKS E4=4.06 MEV 


oe c3 


7 a, Nate auteapet’ casa Saattstatnpecttntasaphatenspogsiclitncnsastes 
10 20 3.0 40 50 € 7.0 8.0 9.0 
RESIDUAL PROTON ENERGY (MEV) 
a _ , ——-y 
5.0 40 3.0 20 0 C 
Ey C'* (MEV) 


6.0 
OF 


804 
| 


704 
| 


604 


jus 4 | | 
of | 


| 
20 a 
\ 
\ a. i 
on Siete bie scnsell Macisnccntiamienennan ane anapen tas he 
Q i 20 3.0 4h 5.0 6. 8.0 90 
RESIDUAL PROTON ENERGY (MEV) 
5.0 4.0 3.0 20 | 8) 
E, OF c'*(MEV) 


60 


Fic. 5. Proton spectra for the six angles of observation of the C%(d,p)C™ experiment. dN /dE is the number of proton tracks 
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VI. DISCUSSION OF THE ENERGY LEVELS OF N'* 


The C8(d,n)N"™ experiment has resulted in an assign- 
ment of parities to the first three excited states of N“ 
and has provided an opportunity to examine the energy 
levels of this nucleus up to 8.1-Mev excitation. Some 
further inferences about the level scheme may be made 
by drawing on outside information, particularly the 


Yad 7 c3 


c™\d.p)c* 25° 


| 4 |400 TRACKS £44.06 MEV 


0 

| 

| 

f ! 
Sn Anca! Bttee el — 


wn 
shee 
ne 


90 





50 60 70 80 
ENERGY (MEV) 


20 1.0 (9) 


20 3.0 40 
RESIDUAL PROTON 
; 40 3.0 
c'*(MEV) 


3 
A c'd,p)c'* 40° 
| \ 400 TRACKS Eq? 4.06 MEV 


; 

| I / \ 

’ Ss =” 
2 30 4 5.0 60 
RESIDUAL PROTON ENERGY (MEV) 


20 





70 


P “0 50 
E, OF c'* (MEV) 
7* ni? nid 
c(d,p) c'* 55° 
rh TRACKS Eq? 4.06 MEV 
fmt tee dt Pree af assng 
30 40 5.( 60 7.0 80 90 
JAL PROTON ENE RGY (ME Vv) 
5.0 40 3.0 y 
E, OF c'* (MEV) 





c(d.p)c’* 95° 
TRACKS E4*4.06 MEV 
Mey Fae ers 
20 3.0 4¢ 5.0 6.0 7.0 8.0 30 
RESIDUAL PROTON ENERGY (MEV) 
50 40 : i 'O 12) 


E, OF 


ory 
200 





on 
3.0 eX 


c'* (MEV) 


per 
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Deviation of peaks from calculated positons is not taken to be significant, no correction having been made for use of the emulsions 
in vacuum and because there is some uncertainty in the absorber thicknesses 
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to the higher energy levels, the explanation is believed 
to be in the uncertainties in applying range-energy 
relation to the longer recoil proton tracks involved. It 
is possible that the humidity conditions under which 
the emulsions were used differs from the conditions at 


the time the range-energy curve was obtained, or that 
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a small error in self-calibration for the microscope 
shows up more seriously at the higher neutron energies. 
The angular distribution for neutrons which leave N'4 

in its ground state obtained in this experiment does not 
appear to agree with the results of Bromley and Green- 
man who also studied the C'(d,1)N"™ reaction.? They 
find a clear-cut L,=1 angular distribution for neutrons 
which leave N" in its ground state requiring this state 
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to have results suggest 


the statistics are follows the results of 


Door; 


Bromley and Greenmat 


to check the groun 


» accepted; it is hoped 
results in this laboratory 
later on 

The Table I at 
2.23-Mev_ excit n roy gy rise to an / ] 


“} 


first excited state of listed in 


rular distribut nucleus having spin 
and odd parity the Br y requires that a state 
corr ar distribution 
tre consistent 
is a member 
cround states ot 


component ol 


an isobar 


staies, tl ] F 
Mandeville and ) ive I 1a 3.47-Me 

level in N 

angles 


tation 


t each of three 
correct excl 
energy but statistics are far too poor to make 
any 
The mn 3.85-Mev level 


- distribution 


itrons ! lea N** in 
<hibit an / 
that this be an even parity state with J <2 
here reported at 3.85 Mey me as the 3.96-Mev 
level of Woodbury, Day, a ollestrup,'® and Ashmore 


and Rafile2° then the fac 


again ¢ 


requiring 


If the level 


vamma-ray emission 
} 


occurs with equal probability to the ground and first 


excited states'® exclud J=(). Furthermore the argu- 
ment of Austern and Sachs that magnetic dipole radi 


} 


ation is much more probable than electric quadrupole 


nucle! suggests the assignment of 


radiation for light 
J=1as being more consistent with the equal probability 
of decay to the two lower states. 

There is a bare possibility that two levels in N“ are 
present in the vicinity of 3.85-Mev excitation energy. 
one level lying above, and one below this value. Such a 
possibility is suggested by the shape of the neutron 
groups in the 20° and 80° spectra. An attempt to 
separate these tracks into two groups implied two even 
parity L,=1 levels. 

Strong evidence for an energy level in N“ at about 
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It is also considered place 


amount of oxygen contamination on the target, which 
1it opens the possibility of a 7.50-Mev excited state 
of N*, 
Histograms of the 0° and 90° background plates are 


shown in Fig. 7. It was mentioned before that the 

2° 1 Bedewi, Middleton, and Tai, Proc. Phys. Soc. (London) 
A64, 1055 (1951). 

26. Stuhlinger, Z. Physik 114, 185 (1939). 

27 k. Goldberg, Phys. Rev. 89, 760 (1953), and private communi 
cation 
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background exposure was made with about 0.5 Mev 
less energetic deuterons than used for the C'4(d,n)N™ 
exposure. The tracks shown are believed to arise pri- 
marily from oxygen contamination on the bare tantalum 
which would not affect the above discussion. If some 
unknown contaminant were present and all neutron 
energies in the background exposure were increased by 
approximately 0.5 Mev, the 7.50-Mev level in N‘ 
would be even more doubtful and some uncertainty 
could be attached to the 7.00-Mev level. 

The 7.72-Mey level shown in the level diagram of 
Fig. 4 gives rise to a strong neutron group at 45° and 
also evidences itself in the 0° and 20° data. Since it is 
an unbound state, the Butler theory does not apply. 
This level may help account for the large cross section 
for radiative capture of 129-kev protons by C™ observed 
by Woodbury and Fowler.”* 

The well-known 8.1-Mev level of N™ appears as an 
asymmetry in the N“* peak at two of the angles of 
observation. This state was earlier assigned odd parity, 
J=0 or 1.7 The suggestion has been made that the 
8.1-Mev level in N"™ is the analog?’ of the 6.1-Mev 
level in C making both J = 1, T7=1 states. The 8.1-Mev 
level has been reported as not radiating to the N" first 
excited state,’ this behavior is consistent with the 
isobaric spin assignments since such an elective dipole 
transition would again be prohibited by Trainor’s 
selection rule,” and gamma-decay to other states would 
be favored.?® 

No satisfactory explanation for the 725-kev gamma- 
ray attributed to N" has yet been found. If the transi- 
tion were to occur between the uncertain 5.5-Mev level 
and the 4.8-Mev level, the 5.5-Mev level should have 
been observed to radiate to lower states. 


DISCUSSION OF THE C'*(d,p)C' RESULTS 


The investigation of the C'™(d,p)C™ reaction at 
several angles is not believed to have located any new 
levels in C'* below the one excited state known to be at 
6.1 Mev. This would imply, therefore, that all the 
excited states of N" between the first and the one at 


8.1 Mev have 7=0. However the possibility of a 4.1- 
Mev level? in C' may not be completely ruled out. 
Despite this possibility the most reasonable explanation 
for the presence of the weak proton groups occurring 
at 4.0 and 5.0 Mev on the C" excitation energy scale is 
that they arise from O'7 being left in its ground and 
first excited states as a result of oxygen contamination 
absorbed in the target. The 40° and 55° data indicate 
that the position and spacing of such groups is very 
nearly correct for the O" states; the angular distribution 
of the protons which would leave O" in its first excited 


28 EF. J. Woodbury and W. A. Fowler, Phys. Rev. 85, 51 (1952). 

29 Woodbury, Day, and Tollestrup (see reference 16) have 
reported a weak 5.7-Mev gamma-ray which they ascribe to a 
transition from the 8.1-Mev level to the first excited state. As an 
alternative explanation, one might consider excitation and decay 
of the 5.7-Mev level. 
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state has the correct L,=0 shape.*® What is perhaps 
surprising is the over-all low intensity of the O” 
ground-state groups compared to the strong forward 
maximum for the excited state. 

It will be noted that in several of the proton spectra 
the identifiable groups occur at a lower energy than 
would be predicted from calculations which make use 
of the range-energy curves for emulsions in air and for 
the absorbers. The data is presented as shown since it 
was not known what correction could be applied which 
would be consistent for ail plates. Two factors could 
enter in: a one to three percent correction to the 
emulsion range-energy curve because the plates were 
exposed in an evacuated system* and, secondly, a 
greater than anticipated thickness for the absorbers at 
some angles. 

An angular distribution of protons which leave C™ 
in its 6.1-Mev level is shown in the fourth diagram of 
Fig. 5. There is some uncertainty present in that 
protons which leave C™ in its 3.1-Mev excited state 
from the C(d,p)C* reaction differ in energy by only 
a little over 200 kev with those which leave C" in its 
6.1-Mev level. Calculation indicates, however, that the 
C'* tracks are too short to have been measured in the 
—5° and 10° plates. Therefore, it has been assumed 
that the entire group at the low proton energy end of 
the —5° and 10° spectra correspond to the C™ level. 
The points of discontinuity in these peaks are not 
believed to demonstrate the presence of two proton 
groups since this would indicate a better than the 100- 
kev resolution expected. A check made with a second 
microscope tended to confirm this. 

Taking the angular distribution of protons from the 
6.1-Mev level as it stands, the shape agrees most nearly 
with that of the Butler 1,,=0 theoretical curve. Since 
C8 is again the target nucleus, an 1,=0 angular 
distribution implies that the 6.1-Mev level is an odd 
parity state with J=0 or 1. This is consistent with the 
view that this C' level is the analog of the 8.1-Mev 
level in N'*. The 6.1-Mev level of C™ is observed to 
decay to the zero spin ground state® and hence a J=0 
assignment is ruled out. It is hoped that a parity 
determination of the C' excited state will be repeated 
with an instrument of higher energy resolution. 

The author would like to express his sincere gratitude 
to Professor H. T. Richards for suggesting this problem 
and for many stimulating discussions throughout the 
course of the work. Thanks are due also to Mr. E. 
Goldberg for his invaluable aid in both exposures and 
for several discussions, to Dr. Fay Ajzenberg for the 
introduction to emulsion techniques and for the devel- 
opement of the plates used in the (d,v) exposure, and 
to Dr. John Cameron and Mr. K. W. Jones for assist- 
ance in operation of the generator. 


% Burrow, Gibson, and Rotblat, Phys. Rev. 80, 1095 (1950). 
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# F. Jenkins, Phys. Rev. 74, 355 (1948). 
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Relative cross sections for the Zn™(d,an)Cu® and Zn®(d,a)Cu® reactions have been determined from beta- 


ray data. 


HILE 


activity 


attempting to produce a high specific 
source of Cu, it found! that 
deuteron bombardment of zinc could not be used be- 
cause of an appreciable amount of 3.33-hr Cu® was 
always present in the resultant product. This was 
attributed to a Zn™(d,an)Cu® reaction. 

In view of the low binding energy between the two 
component particles of the deuteron it is not unreason- 
able that a “stripping” process? should produce this 
reaction with a relatively high probability. However, it 
was decided to check again to make certain that the 
reaction does occur at a deuteron energy of only 10.3 
Mev, to eliminate the possibility that the activity ob- 
served is not a result of a deuteron reaction on nickel, 
and to determine to what extent the reaction occurs. 

Johnson, Matthey “‘Specpure” zinc oxide powder was 
bombarded on a backing of 24.8 Duralumin. In particu- 
lar it was noted the spectroscopic analysis of the zinc 
oxide showed no lines of nickel. Thus Cu® could not be 
formed by the usual Ni®(d,2)Cu® reaction. 

Measurement of the resultant positron activity re- 
vealed the presence of an appreciable amount of Cu®™. 
Measurements were made of the relative intensities of 
the Cu® and Cu® positron spectra, corrected to the end 
of the cyclotron bombardment. After correction for the 
B-/B* ratio! and the K/f* ratio® in Cu™, the K/ft 
ratio’ in Cu®, the relative half-lives of the two elements, 


was 


U. S. Office of Naval 
Research and U. S. Atomic Energy Commission. 

t Now at U.S. Naval Radiological Defense Laboratory, San 
Francisco, California. 
'C, §. Cook and L. M. Langer, Phys. Rev. 73, 601 (1948). 

2 J. M. Blatt and V. F. Weisskopf, Theoretical Nuclear Physics 
(John Wiley and Sons, Inc., New York, 1952), pp. 504-511; D. C. 
Peaslee, Phys. Rev. 74, 1001 (1948). 

3 J. H. Reynolds, Phys. Rev. 79, 789 (1950). 

*C. S. Cook, Phys. Rev. 83, 462 (1951). 


* Assisted by the joint program of the 


The ratio of the cross sections for these two reactions is 6.3/100. 


and the length of bombardment, the relative amount of 
Cu® produced per unit amount of cyclotron beam to 
that amount of Cu®™ produced is 11/100. If we assume 
that most of the Cu® is produced by a (d,a) process on 
Zn®, then relatively the cross section for the production 
of Cu® by a Zn™(d,an)Cu® process to the cross section 
for the production of Cu® by a Zn"*(d,a)Cu™ process is 
6.3 100 (with an estimated experimental error of not 
more than 0.6/100). 

There is of course also the possibility that Cu® is 
produced by a Zn®(d,an)Cu® reaction. However, from 
the measured masses® of Ni®™, Zn®*, and Zn and beta- 
ray data, it is seen that the Zn®"(d,an)Cu® reaction is 
barely exoergic whereas the Zn®*(d,a)Cu™ reaction is 
exoergic by more than 8 Mev. This, coupled with the 
relatively low abundance of Zn®’, probably means that 
most of the Cu™ produced is through the (d,@) reaction. 

The authors have been able to find only a few refer- 
ences in the literature® which report a “stripping” 
reaction of this general type. In view of the success? of 
the “stripping” concept in the theoretical discussions of 
the (dn) and (d,p) reactions, it would seem that the 
(d,an) and (d,ap) reactions should occur much more 
25 Mev 


commonly in the bombardment range below 


than reported to date. 


® Collins, Nier, and Johnson, Phys. Rev. 86, 408 (1951); 
Duckworth, Kegley, Olson, and Stanford, Phys. Rev. 83, 1114 
(1951). 

® Hyde, Studier, and Ghiorso, The Transuranium Elements; 
Research Papers (McGraw-Hill Book Company, Inc., New York, 
1949), Paper No. 22.15, pp. 1622-1633, National Nuclear E nergy 
Series, Plutonium Project Record, Vol. 14- B, Div. IV; ‘Se 
Clarke, Phys. Rev. 71, 187 (1947); Parmley, Moyer, and Lilly, 
Phys. Rev. 75, 619 (1949); French, Meyer, and Treacy, Proc. 
Phys. Soc. (London) A63, 666 (1950); W. W. Meinke and G. T. 
Seaborg, Phys. Rev. 78, 475 (1950); H. A. Watson and W. W. 
Buechner, Phys. Rev. 88, 1324 (1952). 
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neric transition may take place by emission of either a gamma-ray or an i 


nternal cor 


otal rate of decay may be expected to vary with any change in electronic environment, 


such as a difference in chemical state 


ditlerer 


A for this isomer is determined mainly by the internal conversion probability of a 
followed promptly by a conveniently measurable 140-kev gamma-ray 
=27.0+1.0 10 
nickel and reduced in Hy, at 1000°C for 1 hour —A(Tc2S7) =3.141.2K104A(Te.S 
There is evidence for diffusion of the Tc into the nickel base and an accompanying decrease in 
of ~2 parts in 10 compared to pure crystalline metal. A of the metal was measured directly as 


state were compared: A(KTcO,4)—A(Tc2S; 
deviatior 


aT 


0.1148+-0.0005 hr~, corresponding to a half-life of 6.04+-0.03 hours (limit of error 


Differences in the decay constant of the 


| 6 hours) in 


isomer Tc?” 


t states of chemical combination were measured by the double ionization chamber balance method. 


2-kev transition which is 
I'wo compounds in the +7 valence 
metal electroplated on 


Irrors are standard 


‘N(Tc.S; \ for the 


The methods used for 


internally checking the data and the operation of the apparatus are illustrated, and the statistics of the 


measurements are discussed. 


I. INTRODUCTION 


HIS paper presents detailed results demonstrating 

that the lifetime of a isomer is 
influenced by its state of chemical combination." 

Experiments to produce and detect alterations in the 


radioactive 


rate of transformation of radioactive substances were 
made over a period of thirty years beginning immedi- 
ately after the discovery of radioactivity. In these early 
experiments no influence on the characteristic trans- 
formation constants could be detected resulting from 
changes in temperature, pressure, concentration, age, 
magnetic field, electron bombardment, chemical state, 
or environment.” 

More recently Segré’ and Daudel’ suggested that in 
the case of a substance which transforms by orbital 
electron capture the period might be altered in dif- 
ferent chemical compounds of the substance. Be’? was 
selected for study. Leininger, Segré, and Wiegand* found 
a lower transformation rate for Bek, than for BeO. An 
earlier comparison® indicated that BeO decayed more 
slowly than Be. When BeF, was compared with Be metal 
in an independent experiment by Bouchez, Daudel, 
Daudel, Muxart, and Rogozinski,’ a large effect was 


t Work performed at the Brookhaven National Laboratory 
under the auspices of the U. S. Atomic Energy Commission and 
supported in part by a contract between the U. S. Office of Naval 
Research and Harvard University 

* On leave from Harvard University, Cambridge, Massachusetts. 

1 Bainbridge, Goldhaber, and Wilson, Phys. Rev. 84, 1260 
(1951) 

2S. Meyer and E. Schweidler, Radioaktivitét (B. G. Teubner, 
Berlin, 1927), second edition, pp. 38-41. 

3E. Segre, Phys. Rev. 71, 274 (1947). 

*R. Daudel, Rev. sci. 85, 162 (1947); Bouchez, Daudel, Daudel, 
and Muxart, J. phys. et radium 8, 336 (1947) 

® Leininger, Segre, and Wiegand, Phys. Rev. 81, 280 (1951); 
76, 897 (1949). 

*E. Segré and C. Wiegand, Phys. Rev. 81, 284 (1951); 75, 39 
(1949). 

7 Bouchez, Daudel, Daudel, Muxart, and Rogozinski, J. phys. 
et radium 10, 201 (1949) 


found,® viz., —AdA/A=—[A(BeF:)—A(Be) |/A(Be) = 1 
percent. 

Daudel! suggested also that the mean life of isomers, 
whose transformation rates depend in part on internal 
conversion, might be altered by chemical means. 
Goldhaber® independently suggested the same _possi- 
bility and emphasized the necessity for using a low 
energy transition to examine this effect. Tc**”" appeared 
well suited for investigation, since its 2-kev isomeric 
transition is the lowest energy transition known at 
present. 

Changes in the decay constant of an isomer might be 
expected to occur if the chemical state of combination 
can affect the availability of electrons entering into the 
conversion process. When the transitions from a nuclear 
isomeric state occur both by internal conversion and by 
gamma-ray emission, the observed decay constant 
\=A,(1+a). Here \, is characteristic of the gamma-ray 
process alone, and the conversion coefficient a equals 
the ratio of the number of electrons to the number of 
gamma-rays emitted per second. 

Tc*™ (6 hours) is an isomer with a highly converted 
2-kev isomeric transition followed prompty by a 140-kev 
partially converted gamma-ray’? which can be con- 
veniently measured. The 2-kev transition essentially 
determines the six-hour half-life. Only 1.4 percent of 
the level population goes by a crossover transition to 
the ground state. The daughter product is long-lived 
Tc*, which provides an effectively inert carrier ma- 
terial when obtained in quantity as a fission product.”! 

* This measurement has recently been repeated by Kraushaar, 
Wilson, and Bainbridge, who find ~~0.07 percent, a value which 
supports the results of Segré et al. (references 5 and 6). 

* M. Goldhaber (unpublished lectures). 

@ Medicus, Maeder, and Schneider, Helv. Phys. Acta 22, 603 
(1949); Mihelich, Goldhaber, and Wilson, Phys. Rev. 82, 972 
(1951), 

" No other long-lived isotope produced by fission is present to 


as much as 3 percent. Inghram, Hess, and Hayden, Phys. Rev. 
72, 1269 (1947). 
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II. METHOD OF MEASUREMENT 
A. The Differential Method 


Rutherford” first introduced in 1911 the differential 
method, which is well suited for the accurate deter- 
mination of a small difference AA in the decay constants 
of two soyrces. AX is determined from the variation 
with time of the differential current obtained when the 
intensities of the sources 1 and 2 are compared in two 
essentially identical ionization chambers A and B con- 
nected to collect ions of opposite sign. 

The sensitivities of the chambers are defined as S, 
and Sz, with a mean sensitivity S=(S4+Sp)/2=1, 
so that the intensities of the sources at ‘=0 are S/, 
and SJ, divisions of 107" ampere on the recorder. The 
difference currents are 


112° Sale At_ Spl ve 


and 
(2) 


12} = S aloe Ale Mt Selie - 


when the sources are interchanged. (The disintegration 
constant A is associated with source 1 and A+ Ad with 


source 2.) 
The average value of the difference currents at time 


tis 


Ai (419—12) 2= S(,- Ts)e nea Sloe MAN. (3) 


The difference in the chamber sensitivities is obtained 
from 
Ai.= (112 t 191) 2=(S4—Sp) 1, t Ts)e at/?2 


—(S4 — Sz)Tve MAN Z. (4) 


In individual experiments on technetium the sensi- 
tivities of the chambers S4 and Sy differed over a range 
of 0 to 10 parts in 10 000 for the chambers used." 


B. Calculation of 42/2 

Since Ai as given in Eq. (3) is not convenient for 
analysis, it is multiplied by e following the practice of 
Segré and Wiegand. The resulting equation in ¢ 
(neglecting the adjustment for chamber sensitivities), 
e'Ai=1,—I2+1,AM, can be fitted by a least squares 
analysis to the linear form y=a+dbx. Here y=e*Ai, 
x=tl, a=1,—I1,=%o, the initial difference in intensity of 
the two sources, and b= /2AX, where /» will henceforth 
be called Jo, the initial current of the source with decay 
constant A+ AX. The calculations for a and 6 and their 
standard deviations og and o» were made by a procedure 
outlined by Birge."* 


2 FE. Rutherford, Wien. Ber. 120, 303 (1911) 
18 S4, for source 1 in chamber A may differ from S42 for source 
2 in chamber A, and strictly 


Ai= (Sas t+Spi)11/2—(Sa2t+Sa2)1o/2+ (Saot+S po) l2drt/2. 


No error is introduced into the final result for Ad by utilizing the 
simplified representation. 1/;(Sa:+Sa:)/2—J/2(Sa2+Sp2)/2_ is 
measured at ¢=0, and 7,(S4:+52;)/2 is measured independently 
so that [2(S42+S22)/2, required for the determination of AA, is 
known. 

4 R. T. Birge, Phys. Rev. 40, 225, 226 (1932). c+ as used here is 
1/0.6745 times c* in Birge’s notation, since standard deviations, 
a, rather than probable errors, are being evaluated 


The standard deviation'® of the difference current 7 
is proportional to (2.Vo)!, where Vo is the mean number 
of ionization events occurring from a single source 
during the duration D of a single determination of 1. 
Hence, the deviation of Ai=(i,;2.—%21)/2 varies as No! 
and that of y,, ie., ox, is proportional to (.Voe*)*. The 
data were weighted with pp=c ce~*k where c} is 
the standard deviation of y for x=0 (making po= 1!) 
The experimental data support the assumption implicit 
above that the main contribution to the final error in 
the determination of AX/X is the statistical fluctuation 
in the number of separate ionization events which have 


OK" 


occurred during an observation. 
With the quantities /o, A, and 6, one can now cal- 
culate the desired result, 


AX \ b IoX. 


If y is measured for two values of x only, x 
x=w, the resulting error in J, 


op=c8(e*+1)4/u, (6) 


has a minimum when (wA— 2) =2e ** 2.22/X. 


However, considerably more than two readings were 
desirable in the actual experiments. If y is measured 
---m7, where the 


1.¢., forw 


at equidistant points x=0, 1, 27, 


mean life z= 1/X, the coefficient x, defined by o,= xc}/r, 
decreases with increasing n as shown by the open circles 
in Fig. 1, whereas « for only two measurements at x=0 
and x=w is shown in the solid curve. In some experi- 
mental runs on Tc**” it was possible to go through all 
the permutations of the sources in less than the interval 
7; in others involving four or more sources more time 
was required. 

In an actual experiment the duration D of a single 
measurement is i1000 seconds=0.057;. This  cor- 
responds to a measurement of approximately 4X 10° 
ionization events from a single source of strength / = 104 
divisions (~100uC Ra equivalent) so that ¢! is equal 


+ f 
pf | 

a ee ee 

2 3 4 5 

DURATION OF RUN IN UNITS OF T 
Fic. 1. The coefficient « occurring in the expression for the 

standard deviation in b, o,=«xc+/r. The quantity c is the standard 
deviation of the measurement at x=0. The solid curve represents 
the case where measurements are taken only at x=0 and x=w. 
The small circles represent the cases where the measurement is 
made at all integral multiples of 7 up to w. The crosses represent 
the three cases of eleven equally spaced measurements termin 
ating, respectively, at r, 27, and 5r. 


%E. V. Schweidler, First International Congress of Radiology 
and Ionization (Liege, 1905). 
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Fic. 2. Welded steel ionization chambers which were tested at 800 and operated at 200 pounds per square inch. 
chambers are insulated from each other at the central section by cloth Textolite disks bearing against the central 
grounded section, and at the outside of Textolite washers under the bolt heads. A precision pressure gauge is 
connected to chamber B. Gas leakage is less than 2 percent per year. The chambers are lagged by 3.5 cm. of 


cotton to minimize the effect of room temperature changes 


chambers are not shown. 


to +0.5 divisions. The finite duration of the measure 
ments of 7,2 and 7»;, and the exponential decay of the 
sources during that time, does not introduce any error 
in the final result if ¢;. and ¢a:, respectively, are taken 
as the midpoints of the periods D,, and Da, during 
which the measurements are made. Then the measure- 
ments are referred to a common time, t= }(ti2+ 21), 
where 


y(t) eMAl 4 (t,2€% hs — 19,e% (21 my, 


III. CHAMBER DESIGN 


The construction of the welded steel ionization 
chambers is shown in Fig. 2. The assembly was tested 
at 800 pounds per square inch. The design was based 
on an equal probability that, at 2000 pounds per square 
inch, the cylinders would blow out, or the ends would 
come off, or the re-entrant source thimbles would 
collapse. Seven pieces of steel, all but the two cylinders 
and two thimbles, leaked badly at first. The leaks were 
corrected by welding at all internal joints, as shown in 
Fig. 2, and remaking the central grounded assembly 
(shown in solid black). The latter still leaked and finally 
had to be impregnated with solder on all external sur- 
faces which do not face the collecting electrode cylin- 
drical support bar. Not shown in Fig. 2 are four one- 
half inch lead plates on the top and sides, and two at the 
bottom of the central grounded assembly to aid in 
shielding each chamber from a source in the opposite 
chamber. The central rod between chambers had lead 
cast around it within brass cylinders and end: plates 


Lead sheets in the central region between A and B 


which present clean surfaces to the gas filled region. 
Most of the solid angle from one source which would 
illuminate the opposite chamber is blocked out by the 
steel electrode shown in solid black. The radiation 
which leaks through from one source to the opposite 
chamber is entirely negligible for Tc**" and Be’. 

The ionization chambers were filled with aged (Rn 
free) commercial 99.8 percent pure argon to 13.6 
atmospheres for the work reported here. At this 
pressure a satisfactory ion collecting voltage on each 
chamber was 480 volts for source strengths up to 15 000 
divisions or 1.5 10~'° ampere. Departure from satura- 
tion was evident for sources six times stronger. 

The inside surfaces of the cylindrical sections of the 
re-entrant source holder thimbles were reamed out 
1.2X10-* cm greater than the outside diameter of the 
source holders. The sources could be replaced to better 
than 10~* cm in position axially and scratch marks were 
lined up to maintain the same angular position. 

The chambers, originally for use with radium and Be’, 
were constructed to position the sources in the re- 
entrant thimbles so that the ionization produced would 
have a maximum at one position and the effects of small 
displacements would be negligible. A maximum is 
attainable for radium and disk shaped Be’ sources. 
Unfortunately, it has not been possible to obtain a 
maximum with simple source holders in the case of 
Tc®™ which emits softer radiations. However, when the 


salts are properly immobilized in wax and care is taken 
to return them to the same position, no difficulties are 
experienced. 
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IV. IONIZATION CURRENT MEASUREMENTS 


Figure 3 illustrates the basic current measuring 
circuit, which includes certain features that contribute 
to the accuracy and reliability of the final results. 

All measurements are referred to a standard cell 
which by means of the potentiometer serves to measure 
the ion currents essentially independently of the gain 
of the vibrating reed electrometer amplifier, to calibrate 
the resistors used to measure the individual source 
intensities 7, and to monitor the ion collecting poten- 
tials. 

The potential assumed by the ion current collecting 
electrode is constant to within one or two millivolts as 
complete degenerative feedback is utilized and the 
open circuit gain of the amplifier is about 1000. 

The ion currents are measured by a null method, so 
that even if the vibrating reed electrometer wanders 
away from best performance the results are not affected. 
Null measurements are achieved by using the output of 
the potentiometer to buck out all but a very small 
fraction of the 7R drop in the case of a measurement of 
the intensity of one source alone. Then the source 
decays until the pen crosses the zero line and goes some 
distance beyond, as illustrated in the top trace on the 
record in Fig. 3. The full sensitivity of the recorder can 
be utilized, as the zero has been dispiaced by the bucking 
potential 15 to 150 recorder roll widths away (to the 
right in the case illustrated). The best line drawn 
through the record gives a mean value which decreases 
the effects of fluctuations by effectively increasing the 
time of the measurement. The intercept of the mean 
trace line with the recorder at zero gives the time at 
which the voltage iR was equal to the applied bucking 
potential from the potentiometer. The recorder roll is 
synchronously driven and is started with reference to 
the time signals from WWYV. Long period excursions of 
+20 seconds from true synchronism do occur in the 
power line but produce a negligible error in the results 
for \ and AX/X. 

The small difference currents, varying from //300 to 
T,/100 000, are measured accurately by determining 
the rate of potential increase across the 10~° farad 
condenser. In the usual procedure the potential across 
the condenser is estimated from the chart record about 
600 seconds after the start of the measurement. A 
bucking potential of twice that reading is inserted from 
the potentiometer and the condenser continues to 
charge up until the pen crosses the zero line of the 
recorder. Then the potential is read from the poten- 
tiometer, and the tine is obtained from the chart. 
Again the recorder is used as a null indicator. ‘Two 
records of this type are illustrated in Fig. 3. 

The 10~* farad condenser used for the small current 
measurements is a well made commercial transmitting 
condenser in which fused quartz has been substituted 
for ceramic insulation. The entire condenser is in an 
evacuated box with a moisture absorber. 
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The method of calibrating the resistors is illustrated 
on the left of Fig. 3."* High megohm resistors may have 
a voltage coefficient of resistance capable of intro- 
ducing errors when the resistor is used in the direct 
measurement of \ and J». The resistors were checked 
occasionally at various known relative current values 
by means of the small current generator shown. A 
fifteen turn, 0.1 percent linear, helical potentiometer is 
driven by a 1 rps synchronous motor to provide a 
constant dV/dt source. The potential applied across 
the helical potentiometer is measured against the 
standard cell. Induced currents for calibration purposes, 
varying from ~2X10-" to 2X10~-' ampere, are 
obtained through the quartz insulated ~25X10-" 
farad condenser. 

The calibration of a resistance relative to the 10~* 
farad condenser is made most easily by measuring the 
same small ionization current, preferably one of less 
than 8X10-" ampere. Generally, the sources under 
study were used separately to provide the comparison 
current when they had decayed to 8X10~" ampere 
intensity. C and R can be accurately compared by this 
method down to current values of 15X10~" ampere. 
In addition a small ionization current produced by a 
radium source of approximately 5uC strength was used. 

This weak radium source and another ~160 times 
stronger were used to give an over-all simultaneous 
check of the gas density, resistances, electrometer, and 
recorder and showed very stable response of the whole 
balanced ionization chamber and recorder unit over a 
period of six months, the limits in the variations in the 
ionization current being +0.8 percent from the mean 
value. 
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Fic. 3. Schematic of the ionization current measuring system. 
The currents are measured by means of a vibrating reed elec- 
trometer which is used here as a null detector. The potential of the 
ion collecting system is bucked out by a potential fed from the 
potentiometer. The potentiometer also serves to monitor the 
chamber voltages and to calibrate the 10! and 10" ohm resistances. 


‘©The particular system used here was developed by G. C. 
Ford and K. T. Bainbridge and is described in more detail by 
G. C. Ford, thesis (1950), Department of Physics, Harvard 
University. See also A. Wikstrom, Rev. Sci. Instr. 4, 612 (1933), 
and a reference by Rutherford to Townsend’s equivalent device 
in Radioactive Substances and their Radiations (Cambridge Uni- 
versity Press, Cambridge, 1913), p. 103. 
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Fic. 4. The source of electrolytically deposited Tc9™ and rhenium 
carrier was not properly immobilized in its source holder in this 
run. A for the electrodeposited material behaves as if it were 
increasing with time. The effect is mainly if not entirely mechanical 
in origin and was successfully eliminated in all succeeding experi 
ments 


V. PREPARATION OF SOURCES 


The Tc*™ sources are prepared from the Mo’ parent 
by the methods developed by Perrier and Segré! and 
by Motta, Larsen, and Boyd'* and Boyd et al.'® 

Mo” obtained by neutron bombardment of Mo 
metal, with its daughter product Tc®™”, is dissolved in 
a mixture of perchloric and phosphoric acid. The 
perchloric acid is a strong oxidizing agent and phos- 
phoric acid forms a phosphomolybdate complex, tending 
to hold the Mo in solution. Mo metal is readily soluble 
in these acids. The voltatile Tc2O7 is carried over by a 
stream of air bubbling through the solution and also 
by fumes of the perchloric acid. The TcO4~ is extremely 
soluble and the distillate may be collected in water or 
in dilute H,SO,. The Tc*’ activity begins to distill over 
at ~120°C and is complete at 200°C. The water frac- 
tion, coming over below 120°C and containing no 
activity, is discarded—thus keeping the active volume 
to a minimum. The active distillate is then returned to 


17C, Perrier and E. Segre, J. Chem. Phys. 5, 712 (1937); 7, 155 
(1939) ; 

16 Motta, Larsen, and Boyd, quoted by A. C. Wahl and N. A, 
Bonner, Radioactivily Applied to Chemistry (John Wiley and Sons. 
Inc., New York, 1951) 

19 Bovd, Cobble, Nelson, and Smith, if Am. Chem. Soc. 74, 
556, 1852 (1952). See also The Nuclear Chemistry of the New 
Element Technetium, G. E. Boyd, Record of Chemical Progress, 
pp. 67-78 (1951). 
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a clean still and inactive Mo added as holdback carrier. 
The water fraction is again discarded and the distillate 
collected between 120-200°C. Long-lived Tc*?, 
per source, is added to the distillate as NH4yTcO,. 


~25 ug 


Metal 


10-% mole of ammonium fluoride is added to an 
aliquot of the distillate and the solution brought to a 
pH of 5.5. The Tc is elec troplated ona polished copper- 
coated nickel cathode using a platinum stirrer as the 
anode. The pH is quite critical and must be maintained 
throughout the electrolysis. The reduction at the 
cathode is complete in ~2 hours at 3-4 volts. The 
cathode is then reduced in Ho» at 1000°C for 1 hour, 
and coated with 


transferred to a vacuum vessel 


evaporated aluminum. 


Sulfide 


A fraction of the T'cO,> distillate is made 5 molar with 
H.SO,. Long-lived Tc carrier is added and the sultide 
precipitated by bubbling hydrogen sulfide through the 
solution at 90°C. The sulfide is digested at this tem- 
perature for 1-2 hours, thus coagulating the precipitate 
and making it easier to centrifuge. The sulfide Tc2S7 is 
washed several times with hot water and then taken 
to dryness, mounted on its holder, and coated {with 
paraffin. 
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Fic. 5. Effect of hypothetical contaminant Re!*®. The solid lines 
are the least squares solutions of the data for the comparisons of 
the Tc metal, electrodeposited; Tc2S;, and the dry salt KTcO,. 
The ordinates are in units of 10° ampere= 1 division. The inten- 
sity at = 0 of the electrodeposited Tc = 10 000 divisions. The long 
dashed lines illustrate how the records would appear if Re!** had 
been present in the KTcO, only, to an intensity of Jo(KTcO,)/ 
20 000 at t=0. The short-dashed line shows the effect of the 
same amount of contaminant if it had been present in the metal 
source only, and similarly the dot-dash line applies to the con 
taminant concentrated in the Tc2S; source. 

The duration of the run, ~97j, contributes little to the accuracy 
in the determination of AA/A beyond 474 or 574, but is helpful 
in furnishing an independent check on the absence of appreciable 
amounts of contaminants. 





Pertechnetate 


During the distillation some perchloric acid distills 
over and when the TcO, 
bulk of ammonium or potassium perchlorate appears 
along with the pertechnetate. For this reason the T' 
is first precipitated as the sulfide and then after being 


solution is neutralized a large 


99 


washed is dissolved in dilute potassium hydroxide and 
hydrogen peroxide. The potassium pertechnetate thus 
formed is very soluble and only appears when taken to 
dryness. The K'TcO, is thoroughly dried, mounted on 
its holder and coated with parafiin. 


VI. SOURCE CONTAMINANTS 
A. Direct Measurement 


The purity of the sources of Figs. 4-6 was checked 
with a Nal scintillation spectrometer. ‘The gamma-ray 
spectra obtained allowed the identification of con- 
taminants, and in some cases their intensity and period 
of half-life could be measured also by standard counting 
procedures. The sources were examined after the Tc**” 
had decayed to 10~7 or less of its initial gamma-ray 
intensity. 

The spectrometer showed that the sulfide and KTcO, 
sources of Fig. 4 had equal small amounts of Mo*% 
impurity while the electrodeposited source was uncon- 
taminated. 

An entirely negligible trace of Mo** was present in 
the electrodeposited Tc source of Fig. 5 and the other 
two sources were uncontaminated. 

A radioactive contaminant was found in the sources 
of Fig. 6 present to the entirely negligible amount of 
~5X10~7 of the initial activity of the sources. The 
contaminant was identified as Re'™, as its half-life was 
found to be ~90 hours, and the radiations observed 
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Fic. 6. The dry salt KTcO, compared with technetium reduced 
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in hydrogen. Two identical metal sources were compared as a 
test of the over-all operation of the apparatus, which was satis- 
factory as indicated by the ~zero slope 


Fic. 7. B and B’ on the right are Nal scintillation spectrometer 
records of contaminants in old sources in which the Tc?’ has 
decayed to a negligible amount. The spectra are identified with 
radiations from Re'*®, A, and not Mo", C. The period of the con- 
taminant, ~90 hours, corresponds to that of Re!** 


corresponded to the most prominent gamma-ray and 
characteristic A radiation emitted by Re'*®. Mo® which 
might be transferred in the distillation of Tc**™ hep- 
toxide was not found to an appreciable amount. Figure 7 
Mo”, of the con- 
taminants identified as Re'*® from two old sources, and 
of Re'®, The intensities of the contaminants found 
experimentally in the sources for the different runs 
illustrated in Figs. 5 and 6 were too small to affect the 
value of AX/A even if all of the contaminant had been 
concentrated in one of the sources under comparison. 


shows spectrometer records of 


No spectrometer analysis was made of the sources of 
Fig. 8 but some 14 other sources of reduced Tc prepared 
in the same way showed only negligible amounts of 
Re'*®z J)5X 3X 10° in intensity. 

Actually the method of preparation of the individual 
sources adopted from the beginning of the research 
would act to distribute any Re or Tc activities equally 
among the sources. Rhenium, the main contaminant 
found after Mo*%’ had been eliminated, is a chemical 
homolog of technetium and has a better chance than 
any other element of accompanying the technetium 
quantitatively throughout the chemical manipulations 
in the preparation of the individual sources. 

The long-lived Tc’ carrier was added to the distillate 
from which the Tc®*" sources were prepared, and then 
the final sources were matched so that they differed by 
no more than /9/300. Generally, a better match was 
obtained. In this way any chemically homologous or 
isotopic contaminant which could contribute j» to the 
ionization intensity of a single source was reduced to 
less than 79/300 in the determination of Ai when the 
sources are interchanged. 

The wall of the thimbles, 0.6 g/cm’, is sufficient to 
stop the 0.3 Mev §-rays from Tc* carrier. In a separate 
determination of its intensity the bremsstrahlung radia- 
tion, together with all other radiations from 25yug of 
Tc%’, was less than 0.1 division. 
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CARRIER 
iG. 8. Three Tc sources are compared, two having been reduced 
in Hy at 1000°C for 1 hour and the third used directly. The electro 
deposited technetium in this case was not entirely metal and may 
have contained compounds of shorter 74 value. Electrodeposited 
unreduced technetium is not always satisfactory as a reference 
substance 
Two methods of checking the over-all performance of the 
apparatus are illustrated. The two reduced sources A and B were 
compared, as was done in the run of Fig. 6, and the fact that 
essentially zero slope was recorded indicated satisfactory opera- 
tion. Also, as in the runs of Figs. 4 and 5, all combinations of the 
sources were measured and the difference in the ordinates of the 
plots, (A~C)—(B-C) equals (A-B) over the duration of the 
experiment and within the range of the errors. 


B. Indirect Detection of Contaminants 


The existence of a long-lived contaminant in one 
source alone, present even to an amount as small as 
[,/20 000, will produce a marked curvature in the plot 
of y= Aie* vs tif the measurements are extended through 
5 or 6 mean lives. Thus, another check on the possible 
existence of unbalanced amounts of contaminants in 
the sources can be obtained by extending the measure- 
ments beyond 3 or 4r. This was tried in the present 
series of experiments as shown in Fig. 5. If one source 
alone had an initial strength of contaminant = J)/20 000 
of long life, y at ~43 hours, or 57, would have an addi- 
tional and +75 divisions, and the points at ~6r, 

and +-200 divisions. The corresponding values would 
be 54 and 136 divisions at 57 and 67, respectively, if 
92.8-hour Re'** had been present. The departures from 
linearity which could be caused by errors in the value 
of A, or by mechanical or chemical changes in the 
sources had been eliminated. 


VII. DETERMINATION OF 4 


The transition constant of the hydrogen reduced 
metal was measured directly when A=¢ log(/o/J,), 
yielding the results in Table I. The final result is 
A\=0.1148 hr“ with a limit of error of +0.0005 hr-. 
7, is 6.04+-0.3 hr. Earlier values are 6.6+0.4 hr,?° 


5.98+0.01 hr,” and 5.9 hr.” 


2G. T. Seaborg and FE. Segré, Phys. Rev. 55, 808 (1939). 

1G. FE. Boyd (private communication). 

2L. E. Glendennin, Radiochemical Studies: The Fission Prod- 
ucts (McGraw-Hill Book Company, Inc., New York, 1951), 
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VIII. EXPERIMENTAL RESULTS 


The principal result obtained is a demonstration of 
the influence of different states of chemical combination 
on the decay of an isomer. A difference in A was obtained 
for two compounds of Tc in the +7 state, 


AKT cO4) — A(T c2S7) = 274+1X 10-4A(T e287). 


The first series of measurements was made with 
rhenium as a carrier. Figure 4 is included to illustrate 
one of the difficulties experienced in this one of four 
earlier runs. The curvature of the upper two lines in the 
graph is attributed to gross motion of the electro- 
deposited source in its holder. An intensity of 9/2500 
of Mo* impurity in equal amounts in the sulfide and 
KTcO, sources, but not in the metal source, could 
approximately account for the observed effects. This 
possibility was definitely ruled out by the normal 
results of concurrent determinations of \ for the sulfide 
source measured over five intervals in the range from 
~12000 to 79.3 divisions. The departure from a 
straight line does not correspond either with the calcu- 
lated effect of an incorrect value of \, or with the result 
to be expected from the presence of a short or long 
period contaminant in the electrodeposited source 
alone. No such difficulties were encountered in five 
succeeding runs in which greater care and improved 
techniques were used in preparing and securing the 
sources, and in which Tc** was used as a carrier in place 
of rhenium. 

Figure 5 gives a comparison of electrodeposited Tc 
with the sulfide Tc2S7 and the dry salt of potassium 
pertechnetate, KTcO,. In this case, the electrodeposited 
technetium was metallic and not adulterated with 
appreciable amounts of lower oxides. 

The standard deviations in the points on all figures 
are plotted on the basis that 


oy+0.5(1o/10D)*e*"? divisions. 


TABLE I. \-values for metallic Tc9” measured in two runs with 
different arrangements of the source and blank source holder, 
The chambers were connected differentially to minimize the 
background current. Two different 10!® ohm resistors, R; and Ra, 
and the “ideal” quartz insulated condenser were used to measure 
the currents. The two runs were separated by 18 days. 


Chamber 
B Method 


Current range A 
1074 amp hr! 


0.1147 
0.1150 
0.1145 
0.11475 
0.1147 
0.1146 
0.1148, 
0.1153 
0.11505 


12 600 to 175.0 
2100 to 202.0 
604 to 7.67 
15 400 to 110.0 
1730 to 106.0 
607 to 17.82 
15 550 to 130.0 
1608 to 125.0 
554 to 16.22 


source 1 R, 
source 1 Ro 


vee source 1 CdV /dt 
source see R; 
source Ro 

. CdV /dt 
source Ry 
source R2 


source CdV dt 


source 


0.1148 
0.0005 


Average 
Limit of error 


Paper No. 98, National Nuclear Energy Series, Plutonium Project 
Record, Vol. 9, Div. IV. 
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No. of Least squares value 
input of y=a+bx 

; > 
points atoa* b + on* oi 


Carrier 


tTcReS; —KTcO, 
TeoS;—KTcO, 
Te2S7— Te 
KTcO,— Te 
Tc—Tc 
KTcO,—Tc 
Tc—Tc 
Tc—Tc (electro) 
Tc—Tc (electro) 


0.065 
0.063 
0.049 
0.13 

0,074 
0.042 
6.06 

0.078 
0.113 
0.064 


0.96 
0.47 
0.61 

0.53 
0.50 
0.47 
0.48 
0.47 
0.50 
0.50 


0.73 
0.48 
0.39% 
1.13 
0.53 
0.345 
0.39 
0.49 
0.81 
0.47 


2.700 
3.025 
— 0.327 
— 3.466 
— 0.024, 
— 3.446 
—0.011 
1.000 
0.955 
3.137 


— 31.93 
13.165 
16.031 

2.134 
32.22 
— 4.20 
1.59, 
29.47 
27.71 
— 5.69 
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* oa and op were calculated from the larger of the two values oi and @e. 
, 38 000 ev per ionization event 


* When rhenium is used as a carrier the composition of the sulfide is uncert: 


3 X10!’ Re atoms 


The standard deviation c} of a point of unit weight at 
t=0 is 0.5 divisions for a measurement of duration 
D= 1000 seconds with an initial intensity /Jo= 10 000 
divisions = 10~'° ampere. 

Figure 6 gives a comparison between A for KTcO, 
and for the electrodeposited metal reduced in hydrogen. 
A useful internal check on the behavior of the apparatus 
is illustrated by the graph of the comparison of two 
sources of technetium, only one of which was measured 
against the KTcO, source (dry salt). There should be 
zero slope in the comparison of identical sources if 
everything is working properly, if \= 0.1148 is correct, 
and if contaminants are balanced or absent, subject to 
the errors imposed statistically. In Fig. 6 there is essen- 
tially zero slope in the comparison of two technetium 
sources, starting at an initial difference current 
(T1o— 1 20)S =it9= 32.4 divisions, corresponding to an 
unbalance io//» of one part in 308. 

In Fig. 8 the initial unbalance of two similar tech- 
netium sources has a quite different value of only one 
part in 6000 to 8000 of J. Again the slope is of the 
magnitude of the slope error, as it should have been if 
the entire experiment was going satisfactorily. 

The other two lines represent a comparison of the 
individual Tc (metal) sources prepared by reduction in 
hydrogen at 1000°C with the untreated third of the 
original electrodeposited source. 

In this case the electrodeposited source must have 
contained a fraction of Tc compounds with A-values 
greater than A(Tc metal) to give 


AX\=8.6+0.6 10~4A(metal). 


The results of the experiments illustrated in Figs. 4, 
5, 6, and 8 are given in Table II, together with those 
of a later run and the statistical analysis of the data. 
o; is the standard deviation of a point of unit weight 
based on the 38 OOO ev as the 
tical value for the energy dissipated per ionization 
event. The chambers were filled which 
requires 25.4 ev per ion pair created. The value of o, 
differs for different runs with the varying duration D 


figure mean statis- 


with argon 


iin, as in a typical source there are only 10% Tc atoms distributed among 


of individual measurements of 7. Also, while all runs 
have been reduced to /)= 10 000, the intensity at the 
time of the first measurement varied from 15 000 to 
9300 divisions. 

o. is the standard deviation based on external con- 
sistency of a point of unit weight, and is equal to 
[ Ypv*/(n—2) } calculated from the residuals v between 
the experimental points and the least squares solution 
for y=a+bx= Aie™ =a+bl. 

The ratio o,/o, has a different significance here than 
is customary. Usually the difference (o,/0,)—1 may be 
compared with a mathematical estimate of the expected 
probable error, 0.48/(n—2)!, to give an idea of the 
reliability of the results and to indicate the presence of 
unsuspected errors.'* In these experiments o; for a point 
of unit weight and o for every succeeding measurement 
of e*Ai in a run has been based on an estimate of the 
statistical average energy lost per ionization event. 
An increase of o, (unit weight) by 20 percent, corre- 
sponding to an increase from 38 000 ev to 55 000 ev 
per ionization event,’> leads to values of o,/o,; in 
reasonable agreement with the statistical expectation 
except for entry 4 in Table II. Accordingly, if 55 kev is 
taken as the ionization loss, there remains little evidence 
of systematic errors in this experiment. The change in 
o, has no influence on a, as the relative weights of all of 
the input data are independent of the value chosen for 
o; (unit weight) and therefore the same least squares 
solution must be obtained for y= a-+-bx. 

Table HI lists representative sources of error, and 
their magnitude, which enter into the determination of 
AXd/X. The statistical error (the origin of which is in 
the finite number of ionization events observed) sup- 
plied 75 to 87 percent of the final error in the measure- 
ment of AX/A. 

The selection of an easily reproducible reference sub- 


*% The maximum loss is 49.5 kev and the average loss is ~25 kev 
for 140-kev gamma-rays in the Compton scattering process. In 
addition there are contributions to the ionization from the photo- 
electric absorption in the argon and in the iron walls, and the 
both processes of the iron and lead fluorescent 


absorption by 
x-radiation. 
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in Sec. V. 
KTcO, and TcoS7 were used as reference sources. The 
results may be summarized as follows: the largest value 
of \ for the metal [AA/A= {A—A(Tev)}/A(Tev) =2.4 
+1 10-4] was obtained when KTcO, and TceS; were 
reduced on platinum for one hour at 1000°C; a source 


hereafter designated Tcy. In some cases 


consisting of technetium plated on nickel, reduced in 
hydrogen for two hours at 1000°C, had a lower A-value 
than A (AX/X ?.4+0.7K 10-4); the combined 
results indicated an effect of diffusion yielding a lower 
value of A than for essentially undiffused technetium. 
As a further test ‘Tc?*” 
nickel and heated to 1000°C in hydrogen for one hour 


ley 
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the metal produced by different reduction treatments 


metal as a st 


has already been discussed. 

That the A-values for both compounds were greater 
than A for the pure metal has been explained on physical 
grounds by 


the introductory theory developed by 


Slater.*° In this report Slater shows that only the elec- 





tron density within ~0.2A of the nucleus contributes 
to the transition probability for internal conversion. 
The greater part of the effect is attributed to the 4p 
electror s, which 
total 
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be excited by a (y,) reaction on a heavier isotope of 
the same element, which are very few. On the other 
hand, this method is far superior in sensitivity to those 
mentioned above and provides for an easy determina- 
tion of the energy-dependence of the partial cross 
section from bremsstrahlung activation curves by 
customary methods.*'? It was therefore decided to 
apply it to a number of elements; in this paper we 
report results on Rh. 

We shall show (Sec. IV) that the conventional sta- 
tistical theory of nuclear reactions is well able to 
account satisfactorily for all the features of the observed 
Rh'®(y,y') Rh'®™ cross section, starting from plausible 
assumptions as to the magnitude and energy-depen- 
dence of the cross section, oays, for the absorption of 
electromagnetic radiation. While one cannot exclude 
the possibility that this agreement with theory be 
fortuitous, or peculiar to the isotope Rh'® (see the 
discussion of Au!*?7(y,y’)Au'*™ in Sec. IV), we are led 
to believe that one should conversely be able to estimate 
with some safety /olal (y,y') cross sections from partial 
(y,7’) cross sections measured through isomeric excita- 
tion. 


II. EXPERIMENTAL PROCEDURE 


Rhodium metal of high purity in the form of thin 
(30 mg/cm*) disks of 14-mm and 24-mm diameter was 
irradiated in the beam of the University of Chicago 
betatron. The dimensions of these samples were chosen 
to achieve a compromise between maximum useful 
photon flux and uniform sensitivity of our counter and 
to reduce the contribution of accompanying activities 
to a minimum; large disks were used at low, small ones 
at high betatron energies. Disks of pure tantalum of 
identical diameters and 1 g/cm* thickness were juxta- 
posed with the rhodium samples and irradiated simul- 
taneously in each run above 8 Mev for monitoring 
purposes. ‘The runs lasted usually two hours. 

Activities were counted with a 4m internal propor- 
tional flow counter somewhat similar to that of Bor- 
kowski."! With pure methane as a flow gas and an 
operating voltage of 4200 vy this counter proved to be 
extremely stable. Calibrated P® sources” yielded count- 
ing rates in agreement with the absolute activities 
indicated by the supplier within statistical errors. The 
efliciency of the counter was hence assumed to be 
100 percent for weightless samples of 8~ (or e) emitters 
and its constancy checked throughout the work with 
secondary standards. 

The thickness of the Rh samples used was large with 
respect to the ranges of the K and L conversion elec- 
trons by which the 56-minute isomeric state of Rh'® of 
*L. Katz and A. G. W. Cameron, Can. J. Phys. 29, 518 (1951). 
10L. V. Spencer, National Bureau of Standards Circular No. 
1531, March, 1952 

uC, J. Borkowski, Report of the Conference on Absolute 
B-counting, National Research Council, 1950. 

2 Kindly supplied by Dr. Theodore Novey of Argonne National 
Laboratory. 
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40-kev exitation decays.'® The over-all efficiency of the 
4m counter for the Rh'“™ activity from these thick 
samples was determined in the following way: One of 
the Rh disks was bombarded with fast neutrons from 
the small Chicago cyclotron simultaneously with 250 
mg of rhodium chloride juxtaposed to it between Cello- 
phane foils and distributed substantially over the same 
area (the Rh'®™ activity is very strongly induced by 
inelastic scattering of neutrons). The chloride was 
dissolved in a few ml of water and repeatedly evaporated 
almost to dryness with concentrated HCI in order to 
eliminate possible activities from chlorine. The resultant 
chloride solution was diluted to 500 ml! and aliquots of 
0.1 ml were evaporated on plastic films of about 
25 we/cm? thickness. The activities from these samples 
and the neutron bombarded Rh disk were then com- 
pared to determine the actual efficiency of the counting 
procedure. 

To obtain the counting efficiency for the rather 
complex Ta!*® activity a self-absorption curve was taken 
inside the 4% counter by sandwiching an active Ta disk 
between an increasing number of thin (60 mg/cm’) Ta 
disks. The mass absorption coefficient » was thus 
determined and the correction calculated according to 
the formula [1—exp(ux) |/ux, a fair agreement with the 
observed activity ratio of Ta disks of different thick- 
nesses was obtained. The corrected saturated activities 
of the Ta monitoring disks were converted into x-ray 
doses by adopting the most recent Ta'*!(y,2)Ta'®® 
activation curve of the Sasketchewan group."* The 
term “roentgen,”’ when used in this paper (e.g., Fig. 1), 
is consequently to be understood according to the 
definition of Johns et al.’® 

A point of the activation curve for Rh'(y,y’) Rh'®™ 
was taken at 7 Mev, i.e., below the Ta!*!(y,7) threshold."® 
The dose was at this energy monitored directly with a 
Victoreen thimble imbedded in a Lucite block, again 
following the procedure of Johns et al.'® 

The contribution of the fast neutron contamination 
of the betatron beam to the observed Rh'%™ activity, 
which could in principle be very important owing to the 
large inelastic neutron scattering cross section, was 
estimated by exposing during the same run pairs of Rh 
and ‘Ta disks on and about 2 in. off the axis of the 
self-collimated betatron beam. Neglecting variations of 
the x-ray spectrum with angle and assuming equal 
neutron intensities at both locations, the activity 
attributable to neutrons was found to be of the order 
of 20 percent at 25 Mev and of 6 percent at 18 Mev. 
above 18 Mev from the 


As a determination of o(y7,7’) 
8 Mf, Goldhaber and R. D. Hill, Revs. Modern Phys. 24, 179 
(1952). 

4 R, N. H. Haslam (private communication). 

18 Johns, Katz, Douglas, and Haslam, Phys. Rev. 80, 1062 
(1950). 

16 We are indebted for these irradiations, which were carried 
out with the Illinois Medical School betatron, to Dr. Harvey, 
and wish also to thank Dr. J. Ovadia and Mr. W. Beattie of 
his staff for their cooperation. 
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activation curve was not attempted, no correction for 
this contamination was applied. 


III. RESULTS 


Figure 1 shows the activation curve (A) obtained for 
Rh'(y,7’)Rh'®". The errors indicated on the graph 
represent standard statistical deviations only. The cross 
section curve (a) obtained from the activation curve by 
the “photon difference” method® of numerical differ- 
entiation is also reproduced in the same figure. It is 
seen to exhibit a resonance-like behavior, with a peak 
of 12.5 mb height and 2.9 Mev width at 12.8 Mev. 
Notwithstanding our efforts to count the activity in an 
absolute way, we estimate the uncertainty in the magni- 
tude of the cross section to be +30 percent; similarly, 
owing to uncertainties in the measured activation curve 
and to those inherent to the differentiation process, the 
location of the maximum could possibly be displaced 
by +0.5 Mev. Furthermore, the reliability of this cross- 
section curve is also somewhat impaired by the fact 
that considerable weight is given to comparatively few 
experimental points in the steep part of the activation 
curve. It can be seen from Fig. 1 that the (y,7’) process 
is of considerable magnitude below 9.35 Mev, the 
measured!? (+,7) theshold in Rh'°*. This is in agreement 
with the work of the Notre Dame group and is to be 
expected theoretically. 

The limited accuracy of our measurement would not 
have enabled us to detect any “fine structures” in the 
energy dependence of the cross section. One would, 
however, not expect the absorption into non-over- 
lapping levels to be important for a medium heavy 
nucleus in the energy region investigated here. 


IV. DISCUSSION 


The salient features of the observed (y,y’) cross 
section are its magnitude and the location of its peak. 
The Rh'®(y,7)Rh'® cross section is not known experi- 
mentally, and hence we cannot adopt it as an approxi- 
mation to the total absorption cross section. However, 
from the empirical A dependence of absorption, or 
rather (y,7), cross sections we would predict for Rh an 
absorption cross section of about 350 mb, peaked at 
approximately 16 Mev. Bearing in mind that the total 
(y,7’) cross section is some factor a times (a> 2) larger 
than the observed cross section, the probability for 
reemission of y-rays from the highly excited target 
nucleus appears to be surprisingly large in the light of 
customary (but not necessarily correct) concepts. This 
finding is, however, in agreement with the results of 
Cameron and Katz!’ on <Au!%7(y,7’/)Au'97™, These 
authors have already pointed out that such a large 
width I’, is compatible with electric dipole absorption 
only. 


17 Sher, Halpern, and Mann, Phys. Rev. 84, 387 (1951). 
18 A. G. W. Cameron and L. Katz, Phys. Rev. 84, 608 (1951). 
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Fic. 1. Energy dependence of activation A and cross section gexp 
for the process Rh!(+,7') Rho, 


On the other hand, the (7,y’) cross section given by 
Cameron and Katz has its peak at much higher energy 
(15 Mev) than the Rh cross section reported here; this 
is particularly striking inasmuch as the peak energies 
for (y,) cross sections are known to decrease with A. 
The results of the experiment of Cameron and Katz 
were, however, rather inaccurate, as was pointed out by 
these authors themselves, and the discrepancy noted 
here might well be due to experimental reasons. 

It is perhaps of interest to make some crude estimates 
of the magnitude and the energy dependence of the 
cross section for Rh!(y,y’)Rh'™*™ on the basis of the 
statistical theory of nuclear reactions and to compare 
them with our results. 

For an excitation of E, Mev, we divide the energy 
range available for the inelastically scattered y-rays 
into two regions: (1) 0<hw< Ey—e, (2) Ea—e<hw< Fa. 
In region (1), above the neutron binding energy €e, 
y-emission can be followed by neutron emission; in 
region (2), not. We can split the total width I’, (at E4) 
into two parts [y= P.+Ts, P< and rs being the widths 
for emission into regions (1) and (2), respectively. 

Introducing the neutron width, I',, the total absorp- 
tion cross section o4ps(/,) and a factor @ to account for 
the loss of cascades not leading to the isomeric state, 
one derives for the observed cross section o(7,7' ons the 
approximate expression 

r, r,-T. 
0(Y, Y ovs= @ Oghe( La) 


ra+T, r, Ji 


r. r, 


dah . (1) 
Pr, /ae\lyt+l ef & 


The subscripts £,, &’ are energies at which the branch- 
ing ratios are to be evaluated. E’ is some mean energy 
in region (1), and can for instance be taken as the most 
probable excitation after emission of a photon from £, ; 
EF’ thus depends on Eg. 

To evaluate o(y,7')obs aS a function of E,, we have 
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Fic. 2. Compari- 
son of experimental 
cross section exp 
for Rh!®(+,7’) Rh'#™ 
with the cross section 
Stheor Predicted on 
the basis of an 
assumed absorption 
cross section dab. 
Note: ctheor iS Gobs 


of Eq. (1). 
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determined the quantities which enter (1) as follows: 


1 1 a a 
l',(£) = 3( )( )( ) expl 2004)" 
4 137 he Do 
I 
‘S 
0 


T(E.) 


(hw)' exp[2a*(E— hw)! |d(hw), (2) 


r',(Eg—e). 


This is the electric dipole width formula proposed by 
Blatt and Weisskopf.'* It was evaluated assuming Do= 1 
Mev and using a= 8 Mev™ given by the same authors. 
For the nuclear radius R the value 6.6 10-" cm was 
adopted. 

To calculate I',, we start from the formula”? 


,=7(E,)D/2n, (3) 


where D is the average level distance and 7(£,) the 
transmission coefficient toward the outside for neutrons 
of energy E,,. We now integrate over all open channels, 
approximating the sticking probability >>, (2/+-1)T(E,) 
by (k,R+1)? (k, = wave number of a neutron of energy 
E,). The result—apart from factors which should 
appear also in (2) and are irrelevant for our calculations 
is: 


E—e 
P(E) =(2D 2) f (kaR+1)%p(E—En)dEm, (4) 


where po(/i—£,,) is the density of levels with J=0 at 
the final state of the transition. (We have assumed 
ps = (2I+ 1) po.) 

The quantity a@ must be at least 2, because after a 
number of cascades the ground state is reached at least 
with the same probability as the isomeric state just 
above. On the other hand, there is a large spin difference 
between these two states; the isomeric transition in 


19 J. M. Blatt and V. F. Weisskopf, Theoretical Nuclear Physics 
(John Wiley and Sons, New York, 1952), p. 649. 
#0 J. M. Blatt and V. F. Weisskopf, reference 19, p. 389 
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Rh'® is classified’? as E3(g;—p,). Whereas a direct 
re-emission by 1 to the ground state is possible (elastic 
scattering), direct transition to the isomeric state from 
E, requires at least E2. The quadrupole width [',® at 
E, is however much smaller than the dipole width at 
the same energy. To estimate the factor a we have thus 
to compare the cascades starting with an E1 transition 
at £, only. To do this, we have drawn all these cascades 
(differing in the J of the state at Z,, and the J’ at E’ 
to which y-emission leads) and have evaluated the 
branching ratios from the statistical factors™ S(J, J’) 
which govern the transition probabilities between two 
states of given energy difference for a given multi- 
polarity. These branching ratios, and hence our result, 
are independent of the matrix elements between these 
states; they are, however, slightly dependent on the 
model (the single particle model in Moszkowski’s 
case). We obtain a™4, and believe that this number 
would not change radically by assuming some other 
model. 

Figure 2 shows the assumed absorption cross section 
Obs and the result of the calculation, otheor, together 
with the experimentally determined cross-section curve 
exp: 

The agreement is surprisingly good in view of the 
crudeness of our assumption and could perhaps be 
fortuitous Only further experiments on other elements 
or a direct measurement of the scattered photons can 
bear our conclusion out that the commonly accepted 
notions of statistical theory can well account for the 
processes following the absorption of electromagnetic 
radiation by nuclei.f 

It should perhaps be mentioned that in Au!*7(y,y’) 
one would also expect to find a displacement of the 
peak towards lower energies owing to the (y,n) and 
(y,y’n) competition. Adopting the same gaps for Au, 
we find a peak 3 3 Mev wide at 14.2 Mev, in contrast 
to available evidence. Besides the reasons mentioned 
earlier, this disagreement might perhaps be due to some 
neutron contribution to the activity measured by 
Cameron and Katz, and it would be of interest to 
reinvestigate the inelastic scattering of photons by Au. 

We would like to thank Mr. B. C. Cook for his 
untiring assistance in operating the betatron, and Dr. 
M. Gell-Mann for his interesting discussions. One of 
the authors (C. S. R.) would also like to express his 
gratitude to Professor S. K. Allison, director of the 
Institute for Nuclear Studies, for the kind hospitality 
extended to him. 


21S. Moszkowski, Ph.D. thesis, University of Chicago, 1952; 
Phys. Rev. 89, 474 (1953). 

t Note added in proof:—Recent measurements by J. Goldem- 
berg and L. Katz [Phys. Rev. (to be published) ] on indium, 
similar to those reported here, bear out our conclusions fully. 
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The Half-Life of '™ 


H. H. Sevicer, L. CAVALLO, AND S. V. CULPEPPER 
National Bureau of Standards, Washington, D. C 
(Received January 2, 1953) 


An accurate determination of the half-life of I" gives the value 8.075+0.02, days 


ALUES have been reported for the I'*' half-life, 

ranging from 8.0 days'? to 8.14 days.* The low 
values can be explained in part as being due to the 
instability of I'*' sources prepared by evaporation.‘ 
The high values can be explained on the basis of the 
12-day metastable state of Xe’ to which I'* decays in 
approximately 1 percent of its disintegrations. If the 
source is such that the 12-day Xe" isomeric state 
accumulates, and if the geometry is such that it is 
possible for the x- and y-rays or conversion electrons of 
Xe! to be detected, the measured half-life of the 
mixture will be greater than that of I'*' alone. 

Sreb* used a sandwiched, powdered I'*' source 
directly below a 1.4-mg/cm? G-M counter window, and 
Kurie, to whom Sreb refers as having obtained 8.16 
days in 1946, prior to the knowledge of the isomeric 


TABLE I. 


Half-life 
(days) 


Absorber cylinder 


Determination thickness 





1 March-April 1952 5-mm Al 
2 June-July 1952 5-mm Al, 2.5-mm Pb 
3 Aug.-Sept. 1952 5-mm Al, 5.9-mm Pb 


8.085-+-0.01, 
8.06;+0.015 
8.083;+0.02¢ 





1 J. J. Livingood and G. T. Seaborg, Phys. Rev. 54, 775 (1938). 

2S. Katcoff et al., Radiochemical Studies: The Fission Products 
(McGraw-Hill Book Company, Inc., New York, 1951), Paper 
No. 143, National Nuclear Energy Series, Plutonium Project 
Record, Vol. 9, Div. IV. 

3 J. H. Sreb, Phys. Rev. 81, 643 (1951). 

4W. K. Sinclair and E. W. Emery, Brit 
(1950). 


J. Radiol. 23, 576 


state of xenon, also used a sandwiched source; in this 
case directly below a 0.0002-in. aluminum ionization 
chamber window. In both cases, therefore, it is logical to 
assume that the decay of Xe'*' was observed in addition 
to T', 

With these factors in mind, the half-life of I' has 
been redetermined with a Lauritsen electroscope by 
y-ray comparison with radium and has been found to 
be 8.07,+0.02. days. The I'* was glass-sealed and the 
Xe'*! radiation was completely attenuated by absorbing 
cylinders. 

Independent determinations were made on three 
different samples of I'*' received from the Oak Ridge 
National Laboratory from which the National Bureau 
of Standards I’*' solution standards were also prepared 
and calibrated for semi-annual distribution. 

The half-lives and standard deviations calculated by 
least squares are given in Table I. 

The I"* sources were in the form of a solution of Nal 
in a wax-sealed, ground glass stoppered, 5-ml Pyrex 
volumetric flask and the Ra source was a 50-microgram 
solution standard in a 5-ml glass flame-sealed ampoule. 
The three determinations consisted of more than 1200 
individual measurements which were made over periods 
of from 4 to 5 half-lives. The time-dependent variable 
was the ratio of the I'* drift rate to the Ra drift rate. 
It was found that the electroscope must remain fully 
charged at all times when not in use, to prevent insu- 
lator charging difficulties. 

The authors thank Dr. Sreb and Dr. Kurie for 
discussions concerning their experimental arrangements. 
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The Radioactive Decay of Cs'**, Os'**, Os'”', and Os'*’ 


J. M. Cork, J. M. LEBLanc, W. H. Nester, D. W. Martin, AND M. K. Brice 
Department of Physics, University of Michigan, Ann Arbor, Michigan 
(Received January 19, 1953) 


From sources of cesium of high specific activity produced in the pile and studied in photographic magnetic 
specirometers, nineteen electron conversion lines are observed. These are interpreted to show the existence 
of eleven gamma-rays, four of which have not neen previously reported. Certain K/L ratios are measured 
and the resolution of the components of the beta-radiation presented. A plausible decay scheme consisting 
of seven levels in the resultant barium 134 nucleus is offered. 

By irradiating osmium sources for various periods in the pile and obtaining successive exposures in mag 
netic spectrometers, it is possible to determine the energy and half-life of each electron conversion-line. Os 
mium 185 decays by K capture with a half-life of 96 days. Four gamma-rays are associated with this activity. 
Osmium 191 decays by a 14-hour isomeric transition followed by beta-emission with 15-day half-life. Two 
gamma-transitions in sequence follow the beta-decay. Osmium 193 is a beta-emitter with a 31-hour half-life. 
Some eighteen electron conversion lines are observed which indicate the presence of nine gamma-rays, only 


three of which had been previously observed 


I. CESIUM'* 


INCE the early observation' of a long-lived (2.3- 

year) radioactivity believed to be the result of Cs™, 
many publications’ reporting on its beta- and gamma- 
energies have appeared. As both 54Xe™ and 5.Ba'™ are 
stable isotopes, 55Cs'™ might be expected to decay both 
by beta-emission and by K capture or positron emission. 
Siegbahn and Deutsch*® could find no evidence for the 
existence of the K x-rays of zenon and thus set an 
upper limit of 5 percent for K capture. The beta- 
spectrum is complex and several gamma-rays are 
present. 

Specimens derived from the pile have been studied 
in magnetic spectrometers of high resolution, using 
both conversion and photoelectrons. The interpretation 
of the many conversion electron lines, whose energies 
are given in Table I, appears definite when both K and 
L, lines are present. Where only a single electron line is 
visible, it is assumed to be a K line in barium. There 
thus appear to be at least eleven gamma-rays, as 
shown in Table II, for eight of which both K and L 


TABLE I. Electron energies from Cs™ (kev). 


Interpre Energy 
tation sum 


76S. K 
790. 
795. M 


Electron 
energy 


Interpre Energ 
tation 


Electron 
energy 


802.6 
796.3 
796.4 
801.1 
1038.9 
1039.5 
1168 
1168 
1368 
1308 


165.1 
438.1 
468.5 
525.6 
§32.3 
508.0 
§99,2 
604.3 
625.3 
7600.1 


1001.! 
1033.5 
1130.7 
1162 
1331 
1362 


UNIAN SUISUN 


~ 


' TD). Kalbfell and R. Cooley, Phys. Rev. 58, 91 (1940). 

2K. Way, “Nuclear Data” Circular No. 499, Natl. 
Standards, 1950. 

3K. Siegbahn and M. Deutsch, Phys. Rev. 73, 410 (1948); see 
also W. Mims and H. Halban, Proc. Roy. Soc. (London) A64, 311 
(1951) 
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lines are present. Four of the gamma-rays had not been 
previously observed. The corresponding energies, as 
reported in two recent investigations,‘ are included 
in columns 2 and 3 in Table II 

The K/L conversion ratios for two of the gamma-rays 
were measured by the densitometer method and the 
transitions interpreted as being electric quadrupole. 
Only a visual estimate was made of the ratios for the 
remaining gamma-rays as shown in column 5. It is pos- 
sible to propose a relatively simple level scheme, as 
shown in Fig. 1, that will accommodate as transitions 
all but one of the observed gamma-energies. It had 
been suggested‘ that the two gamma-rays reported as 
1.03 and 1.17 Mev, from single electron conversion 
lines, were either due to impurities or more likely were 
associated with K capture. From coincidence measure- 
ments’ it had appeared that the three strong gamma- 
rays, 560, 602, and 799, were in sequence and the 
energy values of the two new lines did not fit as cross- 
over transitions. However, with the present revisions 
in the values of the energies and from the observed K-L 
differences, the probability of the gamma-rays being 
either caused by impurities or K capture appears 
unlikely. The electron energies more nearly satisfy the 
work functions for barium (i.e., beta-emission), although 
the certainty in measurement is not such as to preclude 
completely the possibility of K capture. Moreover, with 
the additional new gamma-energies the existence of 
many mathematical relationships is apparent. For 
example, it can hardly be regarded as fortuitous that 
475 kev and 563 kev add to yield 1038 kev and similarly 
563 kev and 605 kev give 1168 kev, both sums being 
observed as gamma-energies. The energy levels in the 
proposed scheme have values of 0, 605, 1168, 1402, 1643, 
1846, and 1973 kev. 

The beta-spectrum had originally been reported? as 
consisting of two components of about 90 and 650 kev. 
Considerable uncertainty must attend the resolution of 


* Waggoner, Moon, and Roberts, Phys. Rev. 80, 420 (1950). 
5 F. Schmidt and G. Keister, Phys. Rev. 86, 632 (1952). 
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a composite beta-spectrum when three or four com- 
ponents are present, particularly for the lower energies. 
A careful survey of the beta-spectrum of Cs™ has been 
carried out in this laboratory by Mr. A. E. Stoddard, 
using the double-focusing magnetic spectrometer. No 
indication could be found for two high energy com- 
ponents differing by about 50 kev, as previously re- 
ported,® but rather there was a single upper limit at 
657+5 kev. A second beta-component exists at 410+5 
kev. At lower energies, observations are not incom- 
patible with a weak component at about 210 kev, with 
a stronger low energy beta of upper limit about 80 kev. 
These energies are in agreement with the transition 
values required to satisfy the scheme shown in Fig. 1. 
The relative percentages for the number of betas in the 
order of decreasing energies are about 81, 6, 3, and 10, 
respectively. The weak 662-kev gamma-ray for which 
only a single (assumed K) electron line was observed 
seems not to fit in the proposed level plan, and it may be 
subject to other interpretation. 


Pasie I]. Gamma-energies (kev 


Arbitrary 


number WMR* Present K/L ratio 


202.5 

S00) 561.! ~10 
566.! 

O02 601 64+0.8, F2 


799 793 7,340.8, E2 


1 
é 
3 
4 
5 
6 
7 
8 


9 1030 
10 1170 
11 1363 


1037.2 
1164.4 
1365.7 


~10 
~10 
~10 


® See reference 4 
b See reference 5 


Barium 134, being an even-even nucleus, should 
have a ground state of zero spin and even parity. The 
log ft for the 657-kev beta is about 8.8, indicating a 
first forbidden transition with a spin change of zero or 
one, together with a change in parity. 


II. OSMIUM 


The capture of neutrons in the seven stable isotopes of 
osmium has been shown to produce three radioactive 
emitters, whose half-lives have been reported to be 
about 96 days, 16 days, and 31 hours. The longest-lived 
activity has been assigned to the mass 185, formed from 
the mass 184, whose normal abundance is only 0.02 
percent. Considerable confusion has existed in the 
assignment of the other two activities. Early experi- 
ments by Seaborg and Friedlander® in which the 
osmium was exposed first to slow and then to high 
energy neutrons indicated that the (m,2n) process 
favored the production of the 31-hour activity over the 
16-day yield by an appreciable factor. This would have 


6G. Seaborg and G. Friedlander, Phys. Rev. 59, 400 (1941). 
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indicated that the 16-day activity was associated with 
the isotope of mass 193. Similarly, Goodman and Pool? 
could find no evidence for the production of the 16-day 
emitter when osmium was bombarded by fast (9-Mev) 
neutrons, and they did observe the 31-hour activity. 
More recently, Swann and Hill have found that the 
(y,n) reaction osmium with 22-Mev gamma-radiation 
results in the formation of the 15-day activity with no 
trace of the 31-hour product. It can thus be concluded 
that the 31-hour activity is in osmium 193, and perhaps 
the neutron energy in the earlier experiments was not 
adequate to induce the expected (,2n) reaction. 

In the present investigation, specimens of osmium 
have been irradiated in the Argonne heavy water pile 
for periods ranging from 10 hours to 2 weeks and 
a 
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7L. Goodman and M. Pool, Phys. Rev. 71, 288 (1946). 





CORK, LESLANC, 


Pasir III. Electron energies from Os!® (31 hr). 


Electron 
energy 
(kev) 


Electron 
energy Interpre 
(kev) tation 


“nergy 
Interpre sum 
tation (kev) 


251.3 
280.8 
321.2 
280.8 
280.8 
320.9 
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4060.5 
557.8 


30.4 K 
59.7 L, 
Le 
K 


~~ 
ie | 


00.3 
63.1 
93.0 
103.1 
105.5 
125.2 
135.5 


139.2 
106.4 
106.3 
106.2 
139.0 
138.7 


NN Nw we 


w 
ii eed 
NNN SU 


NODA &— Ib 


w 
hm 
7) 


quickly placed in magnetic photographic spectrometers. 
By successive exposures from a single source, it has 
been possible to determine the energy and the approxi- 
mate half-life of each of the many electron lines. The 
osmium seems always to contain traces of iridium as an 
impurity, which, by virtue of its large capture cross 
section, gives many additional but well-known lines. 


Osmium 185 


Osmium 185 decays by K capture to rhenium 185 
with the emission of gamma-radiation with a half-life 
of about 96 days. In one investigation’ two gamma-rays 
of energy 648 and &78 kev were reported with a relative 
abundance of about 6 to 1. Swann and Hill observed*® 
a gamma-ray of energy 653 kev in the long-lived osmium 
and noted two other gammas as questionable at 163 
and 235 kev. In the present investigation electron lines 
are observed from the long-lived osmium with energies 
of 91.4, 162.8, 221.4, 573.3, 633, and 807 kev. Using 
the work functions for rhenium, these electron lines 
are interpreted to yield four gamma-rays whose energies 
are 163.1, 234.2, 645.0, and 879 kev. These values 
suggest that the 879-kev gamma is a crossover for the 
234.2- and 645-kev transitions. The 645-kev gamma is 
much stronger than any of the others in conversion, and 
has a K/L ratio of about 6. This suggests that the 
radiation is either M1 or E1 or possibly E2 in type. A 
possible arrangement of the transitions satisfying the 
energies and the observed relative intensities is shown 


in Fig. 2. 
laspLe IV. Gamma energies, Os'™ (31 hr) 


Arbitrary 
number ke 


1 73.1 
2 106.3 
139.0 
251.3 
280.8 
371.2 


404 
460.5 


557.8 


§ J. Swann and R. Hill, Phys. Rev. 88, 831 (1952). 
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Osmium 191 


It has recently been shown® that a gamma-transition 
of half-life 14 hours and energy 74.2 kev exists in 
osmium 191, leading to the isomeric state whose half- 
life is 15 days. Following a low energy beta-emission, 
two gamma-rays of energy 41.7 and 129.1 kev are found 
to be emitted in sequence. The present investigation 
supports this preposed decay scheme except for minor 
adjustments in the expressed energies. 


Osmium 193 


Early absorption measurements had indicated? that 
the osmium radioactivity of half-life 31 hours decayed 
by the emission of a beta-ray of energy 1.1 Mev and 
a gamma-ray of 1.17 or 1.58 Mev. In another inves- 
tigation® only a low energy gamma-ray of about 65 kev 
was observed, while a different report'® stated that no 
evidence could be found to indicate the existence of any 
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accompanying gamma-radiation. Swann and Hill re- 
ported gamma-energies of 215, 323, and 460 kev. In 
addition several weak electron lines were observed with 
energies 55.2, 59.4, 60.0, and 67.2 kev. The 59.4- and 
60.0-kev lines were assumed to be L; and Lz conversion 
groups for a 72.4-kev gamma-transition. 

In the present investigation some 18 conversion 
electron lines are observed to be associated with the 
31-hour activity. These are shown in column 1, Table 
III, together with their interpretations. Of the nine 
gamma-rays concluded to exist, as shown in Table IV, 
four are based upon the observation of single K electron 
lines. The two electron lines at 59.7 and 60.3 kev, could be 
regarded as M Auger lines but no accompanying more 
intense L lines are present, as would be expected. They 
are therefore assumed to be L; and Lz» conversion lines. 


*F,. McGowan, Phys. Rev. 79, 404 (1950). 
10 Bunker, Canada, and Mitchell, Phys. Rev. 79, 610 (1950). 
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The gamma-ray reported by Swann and Hill at 215 
kev must have been based on the assumption that the 
electron line at 135.5 kev is due to K conversion. It 
appears more probable that this is an M line for a 139- 
kev gamma-ray whose rather strong K and L lines 
are obscured in early exposure by the strong blackening 
due to the 14-hour activity. Subsequent plates show the 
lines in their proper ratio. 

It is possible to observe some equivalent mathe- 
matical combinations of the gamma-energies and thus 
to suggest a nuclear level scheme as shown in Fig. 3. 
The three gamma-rays shown in the upper part of this 
figure could be arranged in alternate plans dependent 
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upon the evaluation of the components of the accom- 
panying beta-radiation. No measurement was made in 
this investigation of the beta-energies. The electron in- 
tensity ratios can be approximately expressed for five of 
the gamma-rays, as shown in column 3, Table [V. These 
numbers are based on visual estimates. 

Some of the short exposures required to distinguish 
the electron lines associated with the 14-hour activity 
from those of 31-hour ‘ alf-life were taken near the 
Argonne pile by Mr. W. C. Jordan. This investigation 
was made possible by the joint support of the U. S. 
Office of Naval Research and the U. S. Atomic Energy 
Commission. 
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Relative Abundances and Neutron Capture Cross Sections of the Neodymium Isotopes* 


W. H. WaLKert anv H. G. Tuope 
VUcMaster University, Hamilton, Ontario, Canada 


(Received November 24, 1952) 


A double-focusing mass spectrometer has been used to determine the relative isotopic abundances of 
naturally-occurring neodymium and the relative isotopic neutron capture cross sections. Allowance for 
isotope fractionation, an effect which is only noticeable under certain experimental conditions, has been 
accomplished by an averaging technique. The relative abundances are compared with the results previously 


published. 


The relative cross sections are normalized to a value of 48 barns for the capture cross section of normal 
neodymium. The resulting isotopic cross sections are in satisfactory agreement with the recently published 


results of Pomerance. 


HE neutron capture cross sections of the neo- 

dymium isotopes have been studied previously, 
both by activation methods! and with a mass spec- 
trometer.’ In view of the very high fluxes available 
with the Chalk River reactor, it was felt that the mass 
spectrometer studies should be repeated. This work 
has now been completed and the results, both capture 
cross sections and relative abundances, are reported 
below. 

In a recent paper* Pomerance has reported on the 
neutron capture cross sections of the isotopes of twenty- 
four elements, including neodymium, by a pile oscillator 
method, using separated isotpes. The cross-section data 
obtained by the two methods are in fair agreement 
(See Table I). 

The mass spectrometer method for determining neu- 
tron capture cross sections has been described previ- 
ously.? A sample of neodymium was irradiated in the 
Chalk River pile for a period of time long enough to 


* Submitted by one of the authors (W. H. W.) in partial fulfill- 
ment of the requirements for the degree of Master of Science at 
McMaster University. 

+t On the staff of Atomic Energy of Canada Limited, Chalk 
River. 

'W. Bothe, Z. Naturforsch. 1, 179 (1946) 

?D. C. Hess and M. G. Inghram, Phys. Rev. 76, 300 (1949). 

3H. Pomerance, Phys. Rev. 88, 412 (1952). 


effect an appreciable change in the abundances of the 
isotopes. The relative abundances of the neodymium 
isotopes in the irradiated and unirradiated samples 
were measured with a Dempster-type double-focusing 
mass spectrometert employing a heated crucible ion 
source.° 

A comparison of the two sets of results permits the 
calculation of the relative capture cross sections of the 
individual isotopes. If the net change in the isotopic 
abundances is small, it is permissible to use a simple 
set of equations derived on the assumption that the 
rate of change in abundance is constant with time. If 
n, are the initial and final 
and sth 


N, No,—n,, and ny’, no’, 
abundances, respectively, of the Ist, 2nd, 
isotopes of an element, having capture cross sections 


01, 0o,—-o,, then 


ai Nt=(n,—ny')/4(m+ny), 
oN t=[(my—ny’)+ (ne— nz’) |/4(n2+ nz’), 


etc. Here N is the number of neutrons per cm* per sec, 

and ¢ is the total irradiation time in seconds. These 

equations are sufficiently accurate that, even for Nd'® 
‘A. J. Dempster, Proc. Am. Phil. Soc. 75, 755 (1935) 


6A. E. Shaw, Atomic Energy Commission Report MDDC 308, 
(unpublished). 
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Percent abundances 


Inghram, Hess, 
and Hayden* 


27.13 
12.20 
23.87 
8.30 
17.18 
S.c2 
5.60 


Isotopic 
mass 
no Present work 


142 27.09+0.03° 
143 12.14+-0.02 
144 23.834-0.03 
145 8.29+-0.01 
146 17.26+0.02 
148 5.74+0.02 
150 5.63 40.02 


Mattauch and 
Scheld> 
26.80 
12.12 
23.91 
8.35 
17.35 
5.78 
5.69 


* See reference 7. 
b+ See reference 6 
© The quoted error is the standard deviation 


for which the change in abundance was 13 percent, the 
difference between the result using the appropriate 
approximate equation and that obtained by using the 
exact equation was less than one third the quoted 
standard deviation. 

The unirradiated neodymium abundance measure- 
ments were obtained using two different chemical forms 
of the element. The first group comprised seven samples 
of neodymium metal filings, about two milligrams each. 
These yielded measurable peaks for only two hours on 
the average, during which time the effect of mass frac- 
tionation in the source was marked, i.e., the abundance 
of the lighter isotopes decreased relative to the heavier 
isotopes. The second group of results was obtained from 
a single 50-microgram sample of neodymium oxalate, 
which showed no evidence of depletion after running 
six hours, and only slight isotope fractionation changes. 
The averages of the two groups were in excellent agree- 
ment and are compared in Table I with results pub- 
previously by Mattauch and Scheld,® and 
Inghram, Hess, and Hayden.’ 

The irradiated neodymium abundances were ob- 
tained using two 50-microgram samples of the oxalate. 
Kach sample was run for six hours, but showed definite 
abundance changes during the last two. For this reason 
only the data from the first four hours were used for 


lished 


each sample. 

The only contaminant detected which could affect 
the results was | An analysis of the neodymium 
with a twenty-one-foot grating spectrograph showed 
that the amount of praseodymium present was too 


ry lal 


small to have any effect. 


6 J. Mattauch and H. Scheld, Z. Naturforsch 3a, 105 (1948). 
7 Inghram, Hess, and Hayden, Phys. Rev. 74, 98 (1948). 
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In order to normalize the isotopic cross sections, it is 
necessary to assume some definite value for the capture 
cross section of the element, o.(Nd). Three somewhat 
different values have appeared in the last two years: 
52 barns,* obtained inside the Argonne heavy-water 
reactor using a pile oscillator technique; 44 barns,’ 
obtained using the same method in the graphite re- 
flector of the Oak Ridge graphite-moderated reactor; 
and 48 barns,’ also obtained at Oak Ridge. In this 
latter case, where the isotopic capture cross sections 
were measured using separated isotopes as absorbers, 
o.(Nd) is found by summing the contributions of all 
the isotopes. Since neodymium shows no strong capture 
levels above the thermal neutron region,'® which might 
explain the discrepancy between the first two values, 
the mean of these three is used to normalize the relative 
capture cross sections obtained in this experiment. 


TABLE IT. Neutron capture cross sections of neodymium isotopes. 


Hess and 
Inghram» Bothee 
oe( Ho) 
=64 bt 


Isotopic 
mass 


Present work Pomerance* 
no a d 


48 b oe(Au) =95 bt 
142 3 +: 18.5+ 

143 334 - 292 

144 

145 

146 

148 

150 


* See reference 3 

+ See reference 2 

® See reference 1. 

4 Cross sections measured relative to gold 
neutrons having a velocity of 2200 meters per sec. 
tributions of all the isotopes to a¢(Nd) is 48 barns. 

¢ Hess and Inghram used a value tor ae(Nd) of 45 barns. The isotopic 
cross sections listed here have been adjusted to oe(Nd) =48 barns for 
purpose of comparison 

{ Bothe's original work used holmium as a standard, using a value for 
oae(Ho) of 49 barns. The cross sections listed here have been corrected for 
ac(Ho) =64 barns, as quoted by Pomerance, reference 9. 

« The errors quoted are obtained from the standard deviations of the 
isotope abundance measurements and do not include any allowance for the 
possible error in the normalization value of 48 barns for oe(Nd) 


using ac(Au) =95 barns for 
The sum of the con 


The results are compared in Table II with those 
obtained by Pomerance,? the previous mass spectro- 
metric results,’ and the activation cross sections meas- 
ured by Bothe.! 


* Harris, Muehlhause, Rasmussen, Schroeder, and Thomas, 
Phys. Rev. 80, 342 (1950) 

*H. Pomerance, Phys. Rev. 83, 641 (1951). 

10 R. K. Adair, Revs. Modern Phys. 22, 249 (1950). 
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On the Interaction of 95-Mev Protons with D, Li, Be, C, Al, Cu, and Pb Nuclei* 


J. A. Hormannt anv K. Strravucut 
Harvard University, Cambridge, Massachusetts 


(Received December 22, 1952) 


A measurement has been made of the energy distribution of neutrons emitted from various targets at 
angles of 0°, 5°, 10°, 16°, and 28° with respect to the primary 95-Mev proton beam. The results fall into 
three groups: (1) the number of neutrons emitted by C, Al, Cu, and Pb targets decreases with neutron 
energy and with angle of emission; (2) the.energy distribution of neutrons emitted from D is peaked, but 
the width is believed to represent mainly the energy distribution of the primary proton beam; (3) neutrons 
emitted from Li and Be show a peaked energy distribution, with the size of the peak decreasing rapidly with 
increasing angle of emission. The spectra obtained from the heavier elements appear to be in general agree- 
ment with the theory of high energy nuclear reactions based on the generation of a nuclear cascade. How 
ever, the forward minimum and the high energy peak predicted by Goldberger’s calculations have not been 
observed with the heavier elements. The results obtained with Be are interpreted on the basis of a very 


simplified model. 


I. INTRODUCTION 


HE development of the synchrocyclotron has 

allowed studies in the laboratory of the neutron- 
proton and proton-proton interactions at energies of 
40 Mev and above. It is disappointing that the theo- 
retical interpretation of these experiments has not, as 
yet, led to a satisfactory solution of the nuclear force 
problem, even in such relatively simple systems.' In 
spite of this, studies of the interaction of high energy 
neutrons and protons with more complicated nuclei are 
still of considerable interest, since phenomenological 
interpretations of such experiments can give important 
information on various nuclear models. 

As was first discussed by Serber,’ the path of a high 
energy nucleon passing through a nucleus can be 
thought of as a series of nucleon-nucleon encounters 
which often generate a nuclear cascade. Chamberlain 
and Segré* have recently demonstrated directly the im- 
portance of single nucleon-nucleon collisions inside a 
nucleus. With 345-Mev protons passing through a Li 
target, they have observed p—p/ coincidence events 
with properties that approximate those of free colli- 
sions. This result supports the model generally used to 
calculate the results of the interaction of high energy 
particles with various nuclei. This model assumes that 
the nucleon-nucleon collisions inside a nucleus are 
“quasi-elastic.”” That is, the collisions have the same 
kinematics and scattering cross sections as free colli- 
sions, modified by the following facts: (1) since the 
target nucleons are bound, they have an initial mo- 
mentum distribution ; (2) certain collisions are forbidden 
by the exclusion principle and by threshold con- 
siderations. 

This point of view has led to the optical model of 

* Assisted by the joint program of the U. S. Office of Naval 
Research and U. S. Atomic Energy Commission. 

t Central Scientific Company Fellow. 

t Society of Fellows. 

1 Chamberlain, Segré, and Wiegand, Phys. Rev. 83, 923 (1951). 

2 R. Serber, Phys. Rev. 72, 1114 (1947). 

30. Chamberlain and E. Segré, Phys. Rev. 87, 81 (1952). 


Fernbach, Serber, and Taylor,‘ and the Goldberger 
model.* The optical model was devised to interpret the 
scattering of high-energy neutrons by various nuclei, 
and while quite successful around 100 Mev, it appears 
to be less reliable at higher energies.° The Goldberger 
model leads to detailed predictions of the energy spec- 
trum and angular distribution of particles emitted from 
a nucleus when struck by a high energy nucleon. One 
of the purposes of the work reported here, was to test 
some of the predictions in the 100-Mev region. 

To detect secondary particles from high energy re- 
actions, cloud chamber,’** photographic,?-” and counter 
techniques'*'* have been used. The counter technique 
has the advantage that various target nuclei can be 
used and that good energy and angular resolution is 
possible. The importance of quasi-elastic collisions in 
the mechanism of high energy reactions is best studied 
by observing the angular and energy distribution of 
those secondary particles which have energies of the 
same order of magnitude as the incident nucleon. If a 
nearly monoenergetic particle beam is available, the 
momentum distribution of the quasi-elastically scattered 
nucleons is directly related to the momentum distribu- 
tion of the nucleons inside the nucleus. In the experi- 
ment of Cladis ef al.,'® measurements were made of the 
momentum distribution of the protons scattered from 
D and C targets at 30° and 40° with respect to the 


* Fernbach, Serber, and Taylor, Phys. Rev. 75, 1352 (1949). 

®S. Fernbach, University of California Radiation Laboratory 
Report AEC-UCRL-1382 (unpublished). 

®*M. L. Goldberger, Phys. Rev. 74, 1269 (1948) 

7K. Brueckner and W. M. Powell, Phys. Rev. 75, 1274 (1949). 

* J. K. Béggild and F. H. Tenney, Phys. Rev. 84, 1070 (1951). 

9. W. Titterton, Phil. Mag. 42, 109 (1951). 

'0L. S. Germain, Phys. Rev. 82, 596 (1951). 

" Bernardini, Booth, and Lindenbaum, Phys. Rev. 85, 826 
(1952). 

2H. Fishman and A. M. Perry, Phys. Rev. 86, 167 (1952). 

'8 J. Hadley and H. York, Phys. Rev. 80, 345 (1950). 

4 T). Bodansky and N. F. Ramsey, Phys. Rev. 82, 831 (1951). 

® Cassels, Randle, Pickavance, and Taylor, Phil. Mag. 42, 215 
(1951). 

16 Cladis, Hess, and Mayer, Phys. Rev. 87, 425 (1952) 

17 Goodell, Loan, and Durbin, Phys. Rev. 83, 234 (1951). 

18 Nelson, Guernsey, and Mott, Phys. Rev. 88, 1 (1952). 
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lic. 1. Experimental arrangement indicating position of collima 
tors, monitor and neutron spectrometer (detector) 


incident 340-Mev proton beam. Observations of this 
type are restricted to such large angles because of the 
overwhelming Coulomb and diffraction scattering in 
the forward direction. 

To observe the angular distribution of quasi-elastically 
scattered nucleons, it is therefore advantageous to 
utilize the large n — p exchange scattering cross section. 
If a target is bombarded with protons and the neutrons 
produced in nucleon-nucleon type collisions are de- 
tected (or vice versa), observations can be made at all 
angles. The disadvantage of this method comes from 
the finite energy width of the primary beams which 
are intense enough to carry out the observations. Had- 
ley and York" employed the 90-Mev neutron beam 
produced by deuteron stripping and detected protons, 
deuterons and tritons. Bodansky and Ramsey," Cassels 
et al.,® Nelson et al.,* and Goodell et al.,"" all placed 
their targets in a circulating proton beam and measured 
the energy spectrum of the ejected neutrons at one or at 
most, two angles. For a quantitative interpretation of 
certain of these results, the energy distribution of the 
internal beam must be known and this is difficult to 
measure accurately. 

The interpretation of the angular distribution of high 
energy neutrons emitted from a cyclotron target should 
not require such an exact knowledge of the energy 
distribution of the primary beam. Using threshold 
detectors, Miller et al.,'* DeJuren,”° and Strauech™ have 
measured such angular distributions. However, since 
both the energy response of the detectors and the energy 
distribution of the detected neutrons were largely un- 
known in these investigations, their quantitative in- 
terpretation was again quite difficult. 

It was therefore decided to utilize a neutron spec- 
trometer to measure the energy distribution of neu- 
trons emitted from different targets at several angles 
with respect to the primary proton beam. The work 
reported here was carried out using the Harvard cyclo- 
tron at a radius corresponding to a nominal energy of 
112 Mev. A later paper will report the results of a 
similar investigation carried out with protons with a 
nominal energy of 71 Mev. The neutron spectrometer 

19 Miller, Sewell, and Wright, Phys. Rev. 81, 374 (1951). 


#0 J. DeJuren, Phys. Rev. 81, 458 (1951). 
1K. Strauch, Phys. Rev. 82, 299 (1951). 
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and experimental method that were employed are 
described in some detail since they were used with 
little modification in the 71-Mev work and in other 
experiments still in progress in this laboratory. A short 
report on our results with Be and C targets has already 
been given.” 


Il METHOD AND APPARATUS 
(A) Experimental Arrangement 


The targets were placed inside the cyclotron at a 
radius of 38.6 inches corresponding to a nominal beam 
energy of 112 Mev. The neutron spectrometer was 
situated between the tank and the concrete shielding 
(Fig. 1). This arrangement utilized as high a neutron 
flux as practicable (about 5X10‘ neutrons/cm?/sec, 
with energy larger than 50 Mev with a Be target) and 
made possible measurements at various angles with 
respect to the proton beam without the necessity of 
any additional holes through the concrete shielding. 
The internal proton beam intensity was indirectly 
monitored by measuring the fast neutron flux with a 
proton recoil telescope placed outside the concrete 
shielding at 0° with respect to the internal proton 
beam. Physical dimensions are indicated in Fig. 1. 

A lead block assembled with bricks collimated the 
neutrons emitted from the internal cyclotron target 
at angles of 0°, 5°, 10°, 16°, and 28° with respect to the 
proton beam. The neutron spectrometer was of stand- 
ard design. A counter telescope detected and measured 
the energy of recoil protons emitted at 20° from a 
scatterer placed in one of the collimated neutron beams 
(Fig. 2). By the alternate use of polyethylene and 
carbon scatterers, those protons originating in n—p 
collisions only could be obtained from the CH,—C 
difference. The counting system recorded, simultane- 
ously, the number of protons stopping in crystals D, 
E and F. The 50-112-Mev neutron energy range was 
covered by inserting up to 4 carbon absorbers into the 
telescope. As shown in Sec. E, the resulting proton dif- 
ferential range spectrum was converted to a neutron 
energy spectrum by using the known n—p scattering 
cross sections. 

At each of the five angles of observation, positioning 
rails were permanently installed for the spectrometer 


TaBLeE I. Dimensions of scatterers and crystals. 


Area (cm?) Thickness (g/cm?) 


0.592 
0.720 
0.485 
0.400 
0.456 
0.401 
0.348 
0.358 
0.428 


3.81X 3.81 
3.81 3.81 
2.82 4.33 
2.61 X 3.57 
c 1.92 3.01 
D 1.63 X 2.65 
2.59X 4.27 
2.68 X 4.32 
3.02 4.23 


CH, scatterer 
C scatterer 
Crystal A 





"K. Strauch and J. A. Hofmann, Phys. Rev. 86, 563 (1952). 





INTERACTION OF 
telescope and scatterer holder. This allowed a rapid 
shift from one angle to another with good reproduci- 
bility. An automatic target changer was used to inter- 
change CH, and C scatterers by remote control. 

The three-crystal monitor telescope used in this 
work was originally constructed by Bodansky and 
Ramsey." It was placed outside the cyclotron shielding 
(Fig. 1) in a region of low background so that a slow 
(10~* sec) coincidence circuit could be used. The tele- 
scope detected protons emitted from a 1-inch thick 
polyethylene scatterer and its counting rate was such 
as to contribute little to the statistical uncertainty of the 
points obtained with the neutron spectrometer. 

The spectrometer telescope consisted of seven stilbene 
scintillation counters. Each crystal was about 0.125 
inch thick and was held in place by a Lucite frame, 
which also served as a short light pipe to the photo- 
multiplier. A 0.001-inch aluminum reflector surrounded 
the crystal assembly. The 1P21 photomultipliers were 
enclosed in iron shields to minimize the effect of the 
stray magnetic field from the cyclotron (about 50 
gauss). The effect of this field on the path of the recoil 
protons can be neglected. 

The dimensions of the scatterers and crystals are 
given in Table I. The dimensions of the scatterer and 
crystal D define the solid angle within which protons 
from the scatterer were accepted. All other crystals were 
larger than necessary to cover this solid angle in order 
to minimize the effect of proton scattering and of crystal 
positioning. For the same reason, all counters except 
A were placed as close together as it was physically 
possible. The final geometry was checked by obtaining 
the same points of a neutron energy spectrum alter- 
nately with crystals D, EZ, and F. Within 4 percent 
statistics, no significant difference was observed. 

The recoil protons could also scatter in the absorbers. 
This possible source of error was minimized by using 
carbon absorbers with dimensions much larger than 
crystal D and by placing them close to this crystal. When 
the absorbers were moved next to crystal A, no signifi- 
cant change in counting rate occurred and it is therefore 
concluded that the elastic scattering of recoil protons 
in the absorbers could be neglected. The effect of nu- 
clear absorption and inelastic scattering will be con- 
sidered in Sec. G. 

Not all the protons detected by the counter tele- 
scope originated in the scatterers, but about 25 percent 
were produced at the edges of the collimator, in the 
first crystal and in air. The effect of these background 


TABLE II. Spectrometer resolving power vs neutron energy. 


90 Mey 
6.4 Mev 
5.0 Mev 
1.8 Mev 
8.3 Mev 


55 Mey 
9.2 Mev 
3.1 Mev 
1.4 Mev 
9.8 Mev 


Half-width trom 


(1) Thickness 

(2) Angle 

(3) Scattering 
Total 
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Fic. 2. The neutron spectrometer showing position of 
scatterer, counters, and absorbers. 


protons was eliminated by the subtraction indicated in 
Sec. E. 

The polyethylene and carbon scatterers were of equal 
stopping power. Before each run they were carefully 
aligned with respect to the counter telescope. Tests 
showed that the scatterer position was not very critical. 


(B) Resolving Power 


The uncertainty in the neutron energy measured by 
the spectrometer described in the previous section de- 
pends primarily on the following three factors: 

(1) The range of the recoil proton is only defined 
within the thicknesses of the scatterer and the stopping 
crystal. 

(2) The collision angle between neutron and proton 
varies around 20° due to the finite area of detector and 
defining crystal. 

(3) An additional uncertainty in the n—p collision 
angle is introduced by multiple scattering in the 
scatterer. 

Table IL shows the contribution of these factors to 
the spectrometer resolving power for 50-Mev and 90- 
Mev neutrons. The calculations are carried out using 
the thickness and largest width of crystal D. The half- 
widths of Table II refer to the full width at the half- 
intensity point. The resolution curves corresponding 
to the three factors involved must be folded into each 
other by numerical integration. However, little error is 
made by assuming Gaussian shapes to compute the 
width of the final resolution curve and the results 
quoted in Table II were obtained by this procedure. 

It is seen from Table II that the geometry used in the 
spectrometer leads to comparable resolving power at 
the upper and lower limit of the neutron energy spec- 
trum covered. This is the result of compensating effects 
in the energy dependence of the three factors involved. 


(C) Recording Equipment 


The individual peak counting rate in each crystal 
was of the order of 4 10* counts per second. Most of 
these counts resulted from knock-on protons produced 
in the crystals by the large neutron flux inside the 
cyclotron shielding. Since the overwhelming majority 
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Fic. 3. Block diagram of recording equipment. 


of neutrons reaching the counters have undergone one 
or more scatterings, the average energy of these neu- 
trons is lower than that of the primary beam. 

The protons coming from the scatterer produced, at 
most, a peak counting rate in each counter of 4X 10? 
counts per second. This means that the main difficulty 
in the use of the counter telescope so close to the cyclo- 
tron tank came from the possibility of a large number 
of accidental coincidences contributing appreciably to 
the observed coincidence counting rate. Because of space 
limitation, it would have been difficult to better shield 
the counters from scattered neutrons and thus to re- 
duce the single counting rate. Instead, a coincidence 
system with a resolving time of 1-2 1078 sec was used. 

This system is described in detail elsewhere.” It 
utilized a “fast” coincidence circuit of the bridge type 
which registered twofold coincidences only. As shown 
in Fig. 3, five such circuits were used to make AC, BD, 
BE, CF, and DG coincidences. The bridge outputs were 
amplified to about 1.5 v before being transmitted to the 
counting room. There they were amplified still further 
and applied to “slow” coincidence circuits with resolv- 
ing times of about 0.5 10~ sec. 

To increase the stability of the electronic system and 
to minimize the number of accidental coincidences, the 
fourfold ABCD coincidence was the lowest order coin- 
cidence observed. The thickness of the first three 
crystals thus determined the lowest energy proton that 
could be detected. After it was learned how to adjusr 
the components of the fast coincidence circuits fot 
optimum performance for the particular conditions 
encountered in this work, good plateaux were obtained 
for all of the photomultiplier high voltages and the 
amplifier gains, as shown in more detail in reference 23. 

Since the photomultiplier output pulses were fed 
directly into the coincidence circuit, no counts were 
expected to be lost due to dead time effects in the 
electronic circuits. That this indeed was the case was 
shown by the independence of normalized counting 
rates on proton beam intensity. 

Careful measurements showed that accidental co- 
incidences and single pulse feed-through added at most 
3 percent to the apparent number of protons stopping 
in a crystal, and this contribution was usually much 


%K. Strauch, submitted to the Review of Scientific Instruments. 


STRAUCH 


smaller. It was therefore neglected in the results re- 
ported in Part III. During the long experimental runs, 
frequent checks were made to insure the the contribu- 
tion from accidentals to the total counting rate re- 
mained negligible. 


(D) Calculation of the Neutron Spectra 


Only protons originating in n—p collisions can be 
used to reconstruct the neutron energy spectra from 
the proton range spectra observed with the spec- 
trometer telescope. Using the scatterers described in 
Table I, the number of recoil protons Vy is obtained 
from the following subtraction: 


Nu=Nct2—0.705Nc —0.295 No, 


where V represents the number of protons detected by 
the telescope per monitor count and the subscripts 
identify the origin of the protons: hydrogen (H), 
polyethylene (CH2), carbon (C), and background (6). 
The coefficient 0.705 is the ratio between the number of 
atoms per cm? of carbon in the CHg target and the C 
target having the same stopping power for protons. 

The average range of protons stopping in a given 
crystal was calculated from the amount of material 
present between the centers of the scatterer and the 
stopping crystal using the tables of Aaron et al.* To 
obtain the differential range spectrum, the number of 
protons stopping in a given crystal was divided by its 
thickness, since crystals D, E, and F had different 
thicknesses. 

The conversion of the differential proton range spec- 
trum into the corresponding neutron energy spectrum 
was carried out as follows: (1) A proton energy spectrum 
was first calculated. The energy E, corresponding to a 
given range R was obtained from the tables of Aaron 
et al.* The number of protons of energy E, was then 
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Fic. 4. Energy distribution of neutrons emitted from the LiH 
target at several angles @, with respect to the direction of the in- 
coming proton beam. Arrows indicate the energies corresponding 
to 86 cos*6, Mev. 


* Aaron, Hoffman, and Williams, U. S. Atomic Energy Com- 
mission Report AECU-663 (unpublished). 
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divided by the rate of energy loss dE/dx of these pro- 
tons in stilbene. This division was necessary since the 
number of protons of range RX that stop in a crystal is 
proportional to the range interval AR defined by the 
crystal. As long as ARR, this range interval is pro- 
portional to the dE/dx of protons of energy corre- 
sponding to the range R. (2) The conversion efficiency 
of the scatterer is proportional to the differential n—p 
cross section at 20° which is energy dependent. The 
proton energy spectrum was thus divided by the dif- 
ferential n—p cross section at the corresponding neu- 
tron energy E,. The differential n—p cross section 
ralues were interpolated from the results of Hadley 
et al.® for the angular distribution and from the data 
of Taylor et al.** for the total cross section. 

The results of these calculations then represented 
the energy spectrum of neutrons emitted from the 
cyclotron target. 


(E) Proton Beam Energy Distribution 


As seen by an internal target, the cyclotron proton 
beam is not monoenergetic but has an appreciable 
energy spread. Evidence will now be presented to show 
that the proton energy half-width is of the order of 20 
Mev with the LiD and Be targets used in this work. 
According to Gluckstern-Bethe,?’ and Chew,?* high 
energy monoenergetic protons incident on a thin D 
target will produce neutrons which, when emitted in 
the forward direction, have an energy spread of about 
1.5 Mev only. As shown in Fig. 11, we have observed 
a half-width of 22 Mev in this experiment. Thus, we 
believe that the 0° spectrum in Fig. 11 represents quite 
well the energy distribution of the internai proton beam, 
except that the energy scale should be increased by 
about 4 Mev to compensate for the energy lost in the 





5. Energy distribution of neutrons emitted from the 
LiD target at several angles. 


26 Hadley, Kelly, Leith, Segre, Wiegand, and York, Phys. Rev. 
75, 351 (1949) 

26 Taylor, Pickavance, Cassels, and Randle, Phil. Mag. 42, 328 
(1951). 

27 R, L. Gluckstern and H. A. Bethe, Phys. Rev. 81, 761 (1951). 

#8 G. F. Chew, Phys. Rev. 84, 710 (1951). 
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TaBLe III. Target dimensions. 


(e ay? 
degrees 


dE/dx 
Thickness (95 Mev) 
g/cm? Mev 


0.437 3.32 
0.474 3.20 
0.584 3.76 
0.776 5.35 
1.328 7.95 
1.610 8.10 
1.879 6.85 


Height Width 
Target em 


LiH 1.244 
LiD 1.244 
Be 0.635 
Cc 0.635 
0.635 
0.635 
0.635 


0.45 
0.44 
0.61 
0.89 
1.61 
2.44 
3.84 


Cu 
Pb 


MaMa 


target and the threshold of the observed reaction. This 
is supported by the very similar shape of the 0° Be 
—0.76C peak (Fig. 14) which is interpreted as being 
due to the scattering of protons by the loosely bound 
neutron in Be’. 

Two factors are believed to be mainly responsible for 
energy spread: (1) radial oscillations and (2) energy 
loss and scattering in the target during the first and 
subsequent traversals. 

The amplitudes of the radial oscillations are a fune- 
tion of the operating conditions of the cyclotron and 
the beam energy distribution is thus a function of such 
variables as Dee high voltage, injection time, filament 
current and position, tank pressure, and others. Even 
with no change in the settings of the cyclotron controls, 
some of these variables will change slightly over 12-hour 
periods, and as a result the proton energy distribution 
changes slightly with time. To minimize the effect of 
these changes on our measurements, the data obtained 
with a given target were taken when stable operating 
conditions prevailed. The cyclotron was not shut down 
during a run in which a complete set of neutron spectra 
was obtained from a given target. However, the oscil- 
lator high voltage had to be turned off to change ab- 
sorber or to move the spectrometer. 

The impertance of energy shifts during a run could 
be estimated from changes in the counting rate ratio 
of the spectrometer and monitor telescopes since these 
telescopes had different energy thresholds and sensi- 
tivities. The average energy of the internal cyclotron 
beam is believed not to have changed by more than 
1 Mev during a set of measurements for one element. 
From run to run, energy shifts of up to 3 Mev could 
have occurred. The width of the 0° Be peak was found 
to remain constant within 15 percent during 3 runs 
spaced over a period of several months. 

It would have been advantageous to use the method 
of Bloembergen and van Heerden** to measure the 
energy distribution of the internal beam for each of the 
targets employed. The installation of a magnetic 
channel inside the cyclotron tank, after the work of 
reference 29 had been completed, prevented such a 
program from being carried out. An estimate based on 
the energy loss and scattering angle of the protons in 
the various targets suggests that the energy spread of 
fs “ Bloembergen and P. J. van Heerden, Phys. Rev. 83, 561 
(1951) 





HOFMANN 





oh 


NEUTRON ENERGY IN MEV 


Fic. 6. Energy distribution of neutrons emitted from the Be 
target at several angles. Arrows indicate the energies correspond- 
ing to 92.5 cos?6, Mev. 


the internal beam should not have been very different 
for the various targets. 


(F) Measurement of Absolute Cross Sections 


To determine the absolute cross sections to be as- 
signed to the neutron energy distribution curves re- 
ported in Part III, it was necessary to measure the 
internal proton beam current. The following method 
was used for all targets except LiD. Two two-mil 
polystyrene foils were placed on each side of the target 
in question, in the manner of a sandwich. The target 
was then bombarded for about five minutes with the 
neutron counting equipment in operation and the 
ABCD telescope counts were noted. The absolute 
amount of C" formed in each of the foils by the 
C"(p, pn)C" reaction was then determined by measur- 
ing the annihilation radiation of the 20.5-minute ac- 
tivity of C" with a calibrated Geiger counter.*® The use 





Energy distribution of neutrons emitted from the C 
target at several angles. 
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30 Two standards were used to calibrate the Geiger counter: 
(1) a polystyrene foil (of the same dimensions as those used with 
the targets) whose absolute C" activity was determined by a 
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of two foils on each side of the target allowed for the 
difficulty in lining up (1) the edges of the four foils 
flush with the inner edge of the target and (2) the 
inner edge of the target tangential to the orbit of the 
incident proton beam. The average of the activities of 
the four foils was taken to be the best value.*' No dis- 
tortion in foil activities due to nucelar recoils was 
noticed. 

To arrive at the cross section for the formation of 
C" in the foils, the experimentally known C?(p, pn)C" 
excitation function® had to be averaged over the energy 
distribution of the incident proton beam. A good 
approximation to this distribution was believed to be 
the 0° neutron energy distribution of D (see Sec. //). 
The corresponding average cross section for the forma- 
tion of C" thus calculated was 78.6 mb, and was the 
value used in the absolute cross-section computations 
for all targets.” The differences in the proton energy 
distributions for the various targets, due to differences 
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Fic. 8. Energy distribution of neutrons emitted from the 
Al target at several angles. 


in stopping power and scattering, are believed to lead 
to less than 10 percent variation in the cross section 
for C" formation. An additional estimated 5 percent 
uncertainty is introduced by the fact that the neutron 
energy distribution measurements and the correspond- 
ing absolute cross-section measurements were made at 
different times. 

B—y coincidence method; (2) a RaD—RaE source calibrated by 
the National Bureau of Standards. The two independent methods 
of calibration agreed within 5 percent and the average value was 
taken as the true efficiency. 

3! The foil activity is proportional to the total integrated proton 
beam current passing through the target and hence includes the 
effect of multiple traversals. 

%N. M. Hintz and N. F. Ramsey, Phys. Rev. 88, 19 (1952). 

3 If one takes the 0° neutron energy distribution of Be—0.76C 
(Fig. 14) to represent the correct internal proton beam distribu 
tion, one obtains an average cross section of 75.4 mb. For the 
heavier targets such as Pb, the average cross section is probably 
higher than 78.6 mb, but we do not know how to make a good 
estimate. As a result, no attempt has been made to use a different 
effective cross section for each target, and the value used is be- 
lieved to represent a fair average. 
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Three complete determinations were made of the 
absolute cross section for each target investigated and 
the average taken as the final value. 

To obtain the cross section for the LiD target, the 
LiD and LiH targets were mounted on the same target 
probe. By alternately rotating these targets into the 
proton beam for skort intervals of time, the relative 
neutron yield was measured and beam variations aver- 
aged out. A 4 percent correction was applied to the 
experimental ratio to compensate for the difference in 
the number of Li atoms in the two targets. Since the 
cross section for neutron production from LiH was 
measured by the standard method, the corresponding 
result for LiD and D could be easily calculated. 

The measured cross sections were increased by 176 
percent to compensate for neutron absorption and 
scattering in the cyclotron wall and nuclear proton 
absorption in the telescope. 

On the basis of the above discussion, an estimate of 
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Fic. 9. Energy distribution of neutrons emitted from the Cu 
target at several angles. 


the over-all uncertainty in the accuracy of our absolute 
cross sections is 25 percent. 


III. MEASUREMENTS AND RESULTS 


The energy spectrum of neutrons emitted from LiH, 
Be, C, Al, Cu, and Pb targets was measured at angles™ 
of 0°, 5°, 10°, 16°, and 28° and from a LiD target at 
0°, 10°, 16°, and 28°. The LiH and LiD targets were 
placed at a radius of 38.1 inches (nominal beam energy 
of 109 Mev). All other targets were located at a radius 
of 38.6 inches (nominal beam energy of 112 Mev). 

Table III lists the dimensions, energy loss, and scat- 
tering angle (@),,) for 95-Mev protons of the various 
targets (assuming 1 traversal). The targets were held 
in place by two light clips 1.25 inches long which were 
attached to a long probe (Fig. 1). Geometrical con- 


* Due to multiple scattering of the proton beam in the cyclotron 
targets, the neutrons observed in the geometrical 0° direction are 
actually emitted at small angles of the order of one-half of the 
root mean square scattering angle (#),,$ indicated in Table III. 
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Fic. 10. Energy distribution of neutrons emitted from the 
Pb target at several angles. 


siderations indicate that the number of high energy 
neutrons produced in the probe that could have entered 
the collimating channel was negligible. 

About 7 hours of running time were needed to obtain 
the spectrum from one element at one angle. 

The results of these measurements are plotted in 
Figs. 4-10. Figure 11 represents the neutron spectrum 
from D and was obtained by subtraction of the LiH 
from the LiD results. Indicated errors are from sta 
tistics only. 

Our results fall into three groups: 

(1) The number of neutrons emitted by C, Al, Cu 
and Pb targets decreases with neutron energy. 

(2) The energy distribution of neutrons emitted from 
D is peaked and its shape is believed to represent the 
energy distribution of the primary proton beam. 

(3) Neutrons emitted from Li and Be show a peaked 
energy distribution, with the size of the peak decreasing 
rapidly with increasing emission angle. 


IV. DISCUSSION AND INTERPRETATION 
(A) C, Al, Cu, and Pb Targets 


Goldberger® has performed calculation on the inter 
action of 90-Mev neutrons with a Pb nucleus. He has 





Fic. 11. Energy distribution of neutrons emitted from D as 
obtained by the LiD—LiH subtraction. Arrows indicate the 
energies corresponding to 86 cos?6,, Mev. 
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TABLE IV. Relative angular distributions. 


On 
larget ; 10 16° 
with En >70.7 Mev 
0.68 0.41 
0.68 0.44 
0.81 0.53 
0.63 0.44 
0.63 0.44 
0.388 0.59 


itrons with En >65.9 Mev 


0,88 0.72 0.49 
0.87 0.72 0.51 
0.93 0.88 0.64 
0.85 0.70 0.51 
0.85 0.69 0.50 
0.88 0.85 0.65 


1.00 
1.00 
1.00 
1.00 
1.00 
1,00 


with En >48.6 Mev 


0.80 0.63 
0.80 0.63 
0.91 0.78 
0.85 0.67 
0.84 0.66 
0.83 0.72 


All neutrons 
0.92 
O.89 
0.93 
0.93 
0.94 
0.94 


1.00 
1.00 
1.00 
1.00 
1.00 
1.00 


All neutrons with En >65.9 cos?@, Mev 


1.00 0.89 0.77 0.60 
1.00 0.88 0.76 0.62 
1.00 0.97 1.02 0.98 
1.00 0.87 0.80 0.72 
1.00 0.88 0.80 0.73 
1.00 0.92 0.98 0.91 


Free N—P 
0.95 


cattering® 4 


1.00 0.78 0.65 


obtained the energy and angular distribution of protons 
emerging at all angles immediately after bombardment, 
before evaporation takes place. These results can be 
summarized as follows: 

(1) Protons with energies up to the maximum value 
allowed by threshold considerations are emitted, with 
a small peak in the energy spectrum at high energy. 

(2) There is a minimum in the angular distribution 
of high energy protons in the forward direction, since 
small momentum transfers are forbidden by the ex- 
clusion principle. 

It is believed that the equality of n—n and p—p 
forces holds in the high energy region.??8 This means 
that Goldberger’s predictions apply equally well to the 
work reported here where protons interacted with the 
target nucleus, and neutrons were detected. The only 
difference between this and the inverse experiment 
arises from the unequal number of neutrons and protons 
in the target nucleus. This fact will mainly affect the 
absolute cross sections, not the angular and energy 
distributions. 

As a matter of fact, our observations are much more 
detailed than the predictions of the available calcula- 
tions based on the Goldberger model. The labor in- 
volved in carrying out the calculations to much higher 


accuracy would probably be excessive. 
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As seen in Figs. 4-11, a considerable number of high 
energy neutrons are emitted. It is somewhat surprising 
that no high energy peak appears to exist in the for- 
ward direction especially at least for the lighter ele- 
ments.*® According to Fernbach,® the mean free path 
in nuclear matter for 90-Mev neutrons is 3.3107" 
cm, which should be compared to the radius of C(3.2 
*10-" cm) and of Al(4.2*10-" cm). Our results on 
the shape of the energy spectrum are in agreement with | 
those of Hadley and York" who performed the inverse 
experiment with 90-Mev neutrons. 

The effect of the exclusion principle, as applied in 
the Goldberger model, is of course such as to reduce 
the number of high energy neutrons. We do not believe 
that this is the entire explanation for the absence of a 
peak in the 100-Mev region for two reasons. When 
protons with an average energy of about 150 Mev are 
used, peaks are observed at 2.5° in the neutron energy 
distribution even in a heavy nucleus such as U.'® It is 
not clear how the effect of the exclusion principle could 
show such a drastic energy dependence, without a 
corresponding strong dependence on the atomic num- 
ber. Secondly, the angular distributions observed in 
this work do not agree with those predictions of the 
Goldberger model which are directly related to the 
role of the exclusion principle. 

It also does not seem very probable that the in- 
creased mean free path in nuclear matter at the higher 
proton energy can explain the difference between the 
95-Mev and 150-Mev results, if it is assumed that the 
cross section for nucleon-nucleon collisions inside the 
nucleus has the same energy dependence as free colli- 
sions. Between 97 and 156 Mev, the total n—p cross 
section’® decreases by a factor of 1.59+-0.08** while 
from C to U, the radius increases by a factor of 2.59. 
Thus, since a significant neutron peak is observed when 
protons with an average energy of 150 Mev are used 
with U,'® it would seem reasonable from these con- 
siderations to expect a neutron peak from C when 
bombarded with 95-Mev protons. 

That these general arguments do not qualitatively 
explain the observations on the shape of the neutron 
spectra is not too surprising if it is remembered that the 
optical model apparently fails to predict the rapid de- 
crease of the total neutron scattering cross section that 
occurs for most elements between 70 Mev and 150 
Mev.*’ It might well be that a future explanation for 
the rapid increase of the nuclear transparency in this 
energy region will also explain the difference in neutron 
spectra observed with 95-Mev and 150-Mev protons. 

The minimum in the forward direction in the angular 
distribution which was predicted by Goldberger is not 

36 Goldberger’s energy spectrum (reference 6) of the particles 
emitted at all angles predicts the existence of such a peak for 90- 
Mev neutrons incident on Pb. 

3% This number represents an upper limit only to the corre- 
sponding ratio of the differential cross sections in the forward 


direction. 
37 J. DeJuren and B. J. Moyer, Phys. Rev. 81, 919 (1951). 
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observed. It has been suggested that refraction at the 
nuclear surface of the incoming and outgoing particle 
wave might wash out this minimum. Meadows*® has 
performed a Goldberger type of calculation which in- 
cludes the effect of refraction for the case of Cu bom- 
barded by 100-Mev protons. His results still show a 
pronounced dip in the number of neutrons emitted in 
the forward direction. 

If secondary collisions are more important than pre- 
dicted by these calculations which are based on the 
free nucleon-nucleon interaction cross sections, then 
the minimum might be washed out. Such an effect 
might also explain the absence of a peak in the neutron 
energy distribution from C and the heavier targets. 
Before concluding that the Goldberger model itself is 
at fault, it would be instructive to measure angular 
distributions at higher energies where the energy spectra 
correspond more closely to the theoretical predictions. 

Table IV can be used to compare the angular dis- 
tributions from the various targets with each other and 
with that of free neutron-proton collisions. Columns I, 
II, and III give the relative angular distribution of all 
neutrons with energies above 70.7 Mev, 65.9 Mev, and 
48.6 Mev, respectively. As the cut-off energy is de- 
creased, the forward peak becomes broader indicating 
the increased contribution of neutrons involved in 
secondary collisions. With the 65.9-Mev and 70.7- 
Mev cut-off energies, the angular distribution de- 
creases faster than the free neutron-proton differential 
cross section. 

This result is not surprising since a cut-off energy of 
Ey cos’6, should be used if the target nucleons were 
free and no secondary collisions occurred. In column 
IV of Table IV is listed the relative angular distribu- 
tion of all neutrons with energies larger than 65.9 cos’6,, 
Mev. With this energy limit, the angular dependence is 
less peaked than that of free n —p collisions, indicating 
the importance of the internal momentum distribution 
of the target nucleons and the effect of multiple 
collisions. 

This last factor probably explains the observation 
that the angular distribution of the neutrons emitted 
from Pb is less peaked than that obtained from Al and 
Cu. The broadest angular peak is observed with a C 
target for which the role of multiple collisions should 
be smallest. This apparent anomaly is probably con- 
nected with the very high threshold (18.7 Mev) of the 
(p, ) reaction for this element. Only those neutrons 
can escape the C nucleus, which have been created in 
a collision in which at least 18.7 Mev has been trans- 
mitted to the remainder of the nucleus. Collisions in 
which only small momenta are transferred are therefore 
suppressed, and it is just those collisions that contribute 
to the forward emission of high energy neutrons. The 
anomalous behavior of C had been observed previously.”! 

The measured cross sections for the production of 


38 J. Meadows (private communication). 
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neutrons with energies larger than 48.6 Mev from C, 
Al, Cu, and Pb targets are proportional to A!. This de- 
pendence is shown both by the differential cross section 
in the forward direction and by the inelastic cross sec- 
tion integrated up to 28° as can be seen in Fig. 12. 
An (A—Z)! dependence previously found by Knox*® 
with 340-Mev protons or an (A —Z)/A!* dependence 
as suggested by Mandl and Skyrme* would also be in 
agreement with our results. 


(B) Deuterium 


The high energy neutron-deuteron interaction has 
been discussed by Gluckstern and Bethe”? and by 
Chew.” Their calculations on the yield of high energy 
protons are directly applicable to our results on the 
inverse reaction. 

Since the deuteron has such a loosely bound structure 
and its wave function has relatively few high momentum 
components, these authors show that if high energy 
monoenergetic protons were incident on a deuterium 
target, high energy neutrons would be emitted in the 
forward direction with an energy spread of the order of 
only 1.5 Mev. These neutrons are identified as the 
products of an exchange-type n—p collision where the 
target neutron is in the deuterium nucleus. As shown 
in detail by Chew using the impulse approximation, 
the yield and angular distribution of the high energy 
protons is different from that expected from free n—p 
collisions mainly because of the exclusion principle. 
For if a high energy neutron is emitted in the forward 
direction, little momentum has been left to the incident 
proton which may then find itself in a region of phase 
space already occupied by the second proton. 

Our results for D are shown in Fig. 11. It is apparent 
that the neutron energy width of 22 Mev is consider- 
ably larger than expected from the theory and the 
energy resolution of our apparatus (Part II). This we 
believe to be due to the inherent energy spread of the 
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Fic. 12. Plot of the differential cross sections in the forward 
direction do(0°)/d® and the cross sections oa (integrated up to 
6, = 28°) against A‘. These cross sections refer to the production 
of neutrons with energies larger than 48.6 Mev by protons cen- 
tered around 95 Mev. 


39 W. J. Knox, Phys. Rev. 81, 687 (1951). 
40F. Mandl and T. H. R. Skyrme, Atomic Energy Research 
Establishment (Harwell) Report No. TR745 (unpublished). 
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Fic. 13, Comparison of the free n—p scattering cross sections 
in the laboratory system with the neutron yields from D and from 
the loosely bound neutron in Be. The full n— p cross section curve 
summarizes the data of Hadley et al. (reference 25), while the 
dotted portion gives more recent results of Selove, Strauch, and 
Titus (private communication). Two independent measurements 
of the angular distribution of neutrons emitted by Be are reported 
using the symbols & and @. The D curves refer to theoretical 
results of Chew (see text). 


primary proton beam, and this interpretation is com- 
patible with the measurements of Bloembergen and 
van Heerden.*® The peak width is thus of no interest 
as far as the theory of proton-deuteron scattering is 
concerned. However, the position of the peak varies as 
E, cos*6@, where Eo is the energy at the maximum of the 
0° peak as expected for a free neutron-proton collision, 
and the width of the peaks appears to remain constant 
with angle. This indicates that within our experimental 
accuracy the kinematics of the n—p interaction is not 
changed appreciably by the fact that the target nucleon 
is inside the D nucleus. 

By integrating under the curves of Fig. 11, the dif- 
ferential cross section for the yield of high energy pro- 
tons is obtained. The results are shown by the dots 
on Fig. 13 where the indicated errors are of statistical 
origin only. The area under the 28° curve has been 
muitiplied by 1.07 to compensate for the neutron 
fraction below the threshold energy of our apparatus. 
Figure 13 also shows the free n—p differential cross 
section at 90 Mev for comparison, and it is apparent 
that the effect of the exclusion principle is to reduce the 
neutron yield from deuterium. 

According to Chew, this difference might be used as 
a measure of the spin dependence of the n—p inter- 
action although in the 90-Mev region such a conclusion 
is “optimistic.” Be that as it may, we have also plotted 
on Fig. 13 the differential cross sections expected ac- 
cording to the calculations of Chew for the case 1," 
=r," (K=4) and r,*=0 (K =) (see reference 28 for 
nomenclature). Our results agree better with the 
K=}4 curve. 

Powell, as quoted by Chew,?* has done the inverse 
experiment and his results seem to agree with ours 
within the respective experimental uncertainties. 
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The LiD —LiH subtraction is so unfavorable that it 
would be quite hard to improve the accuracy of our 
measurements. Instead, an experiment is in progress in 
this laboratory in which the yield of high energy pro- 
tons from n—D scattering is directly compared to the 
free n—p interaction cross section. 


(C) Li and Be Targets 


The neutron spectra observed with Li and Be tar- 
gets (Figs. 4 and 6) are quite similar in that both ex- 
hibit a pronounced high energy peak in the forward 
direction whose height decreases rapidly with angle. 
The results must be contrasted with those obtained 
with the C target in which no such peaks occur (Fig. 7). 
The difference in peak energy between the 0° Li and 
Be results is explained by the higher threshold energy 
of the (p, m) reaction in Li (8.2 Mev) compared to Be 
(1.8 Mev) and by the fact that the Li bombardment 
was carried out at a slightly smaller radius (Part ITI). 

It seems reasonable to attempt to explain observed 
spectrum differences between Li, Be, and C on the basis 
of the individual structure of these nuclei. In the case 
of Be’, a model"! which has been successful in explaining 
the results of low energy photodisintegration assumes 
that the loosely bound neutron (1.63 Mev) of Be® 
moves in the “effective field” of Be’. Physically this 
means that this neutron spends a large fraction of its 
time outside the “inner core” composed of the Be’ 
nucleus. The situation thus might be somewhat similar 
to the case of deuterium, so that the high energy peak 
observed with Be might correspond to those neutrons 
that have been produced in an exchange collision be- 
tween the incoming proton and the loosely bound neu- 
tron of Be®. The cross section for such a collision is 
expected to be quite similar to that for the free n—p 
interaction in opposition to the case of D, since in the 
case of Be the exclusion principle is not expected to 
play an appreciable role. 

That the loosely bound neutron plays a special role 
in the interaction of high energy protons with Be also 
follows from the anomalously high neutron yield ob- 
served with 95-Mev protons (Fig. 12) and 340-Mev 
protons.*® 

Be® is composed of two a-particles and thus should 
behave very much like the C” nucleus as far as the 
production of high energy neutrons is concerned. For 
example, the Q values of the (/, 2) reactions in C® and 
Be® are —18.7 Mev and —18.8 Mev, respectively. A 
fair estimate of the contribution of Be*® to the observed 
spectrum from Be* might thus be given by the C” 
spectrum with the cross section multiplied by (8/12)! 
as suggested by the data summarized in Fig. 12. If this 
contribution is subtracted from the Be® spectra, the 
result shown in Fig. 14 is obtained. 


“1C, J. Mullin and E. Guth, Phys. Rev. 76, 682 (1949). 
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The most striking feature of this result is the ap- 
pearance of peaked neutron energy distributions at 
the five angles investigated. The width of the peaks 
increases with angle, but the energy of the maximum 
seems to follow the Eo cos’é, law for free n—p colli- 
sions as shown by the arrows on the abscissa of Fig. 14. 
The shape and width of the 0° Be —0.76C curve are quite 
similar to those obtained from D. This indicates that 
these features are again mainly determined by the 
energy distribution of the primary proton beam. 

If our interpretation is correct, then the area under 
the curves of Fig. 12 represents the differential cross 
section for the scattering of the incident protons by the 
loosely bound neutron in Be®. The validity of this 
assumption is supported by the fact that the 16° neu- 
tron spectrum from Be (lig. 6) has a small maximum 
at about 70 Mev. After the contribution from Be® has 
been subtracted out, a peak appears at 85 Mev where 
it is expected for the simple model used. It does not 
seem very likely that such a coincidence is accidental. 

The broadening of the peaks of Fig. 14 at the larger 
angles can be understood, at least qualitatively, by the 
fact that some of the outgoing neutrons will interact 
with the inner core of the Be nucleus. The lower the 
neutron energy, the more important this secondary 
interaction will become. The strong energy dependence 
of this effect is exemplified by decrease of the total 
neutron cross section of Be between 70 Mev and 90 
Mev from 0.52 barn to 0.40 barn. 

The differential cross sections obtained by integrat- 
ing the area under the Be—0.76C curves has been 
plotted on Fig. 13. The points indicated by the triangles 
and squares represent the result of two independent 
measurements. It must be remembered that the abso- 
lute scale is only known to 25 percent. Within this rela- 
tively large uncertainty, it appears that the cross sec- 
tion for the 90° (laboratory system) scattering of 
protons by the loosely bound neutron in Be? is the same 
as in free 1 —p collisions, but that at the smaller angles 
the cross section for the bound scattering decreases 
more rapidly than that of the free interaction. This 
behavior is probably due to the increasing importance 
of secondary collisions as also shown by the broadening 
of the neutron energy peaks. 

The very simple model of the Be’ nucleus that we 
have used to interpret our experimental data seems to 
lead to self-consistent results. How seriously it can be 
taken seems difficult to estimate at present. More infor- 
mation on the limits of validity of this model may result 
from an experiment on inelastic scattering of 100-Mey 
protons by the Be nucleus which is being planned in 
this laboratory. 

The rapid decrease of the number of high energy 
neutrons emitted by Be between the angles of 0° and 
16° leads to a very practical application. If it is desired 
to study the effect of high energy neutrons in an experi- 
ment such as production of stars in a photographic 
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plate, simultaneous exposures can be made at 0° and 
16°. A subtraction will then give the results produced 
by the high energy neutrons. 

‘he neutron spectra observed with the LiH target 
(Fig. 4) are quite similar in shape to those obtained 
with Be but with a slightly larger cross section. Since 
natural Li is composed mainly of Li’ (92.5 percent), 
most of the neutrons observed come from that isotope. 
It should not be possible in our energy region to use 
models for Li similar to those successful in the case of D 
and Be since the neutrons in Li are by no means loosely- 
bound—the binding energy in Li’ is 7.15 Mev and in 
Li® is 5.17 Mev. That the height of the 0° Li peak is 
not twice the height of the Be peak, and that the yield 
of 50-Mev neutrons from Li is the same as that from Be 
(within the experimental error) is probably a result of 
the tighter binding of the outer shell neutrons in Li, 
the role of the exclusion principle as in D, and the 
possible difference in energy spectrum from the inner 
core of Li and Be. 


(D) Summary 


The neutron energy spectra observed from C, Al, Cu, 
and Pb targets when bombarded with 95-Mev protons 
seem in general qualitative agreement with the pre- 
dictions of the theory of high energy nuclear reactions. 
However, the forward minimum in the angular dis- 
tribution and a high energy peak in the energy dis- 
tribution expected from calculations based on the 
Goldberger model have not been observed. 

The neutron yield from D is of the order of magni- 
tude predicted by Chew on the basis of his calculations 
with the impulse approximation. The yields clearly 
show the important role of the exclusion principle in 
the case of D. 

The observations with Be have been interpreted on 
the basis of a simple model which gives the cross sec 
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Fic. 14. Energy distribution of neutrons emitted by Be® after 
contributions from the “inner core” have been subtracted. Arrows 
indicate the energies corresponding to 92.5 cos?@, Mev. 
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tions for proton scattering with the loosely bound 
neutron in Be’. If this model is correct, it can be stated 
within the experimental accuracy that the forward 
exchange scattering cross section for bound and free 
n—p collisions are the same. It must be emphasized, 
however, that the loosely bound neutron in Be’ is not 
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necessarily representative of neutrons embedded in 
nuclear matter. 

The authors wish to thank Professor N. F. Ramsey 
for his continuous and constructive interest. This in- 
vestigation has been greatly assisted by the fine co- 
operation of the staff of the Cyclotron Laboratory. 
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The (a,n) and (a,2n) Cross Sections of Ag!**} 
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The excitation curves for the reactions Ag!(a,n)In"? and Ag!(a,2n)In"! have been measured for 
alpha-energies up to 19.5 Mev. The threshold for the (a,2n) reaction is 14.8+0.2 Mev. The sum of the 
cross sections agrees approximately with the total cross section calculated for a radius R~1.6X 10~-"A! cm. 
The energy dependence of the ratio o(a,2n)/o(a,n) can be interpreted as being in agreement with either a 
nearly constant nuclear temperature of 1.7 Mev or with a level density w(Z)=const exp[2(aE)*] with 
a=2.5 Mev''. The corresponding temperature 0=(E/a)* varies from 1.7 Mev to 2.2 Mev for excitation 
energies between 7.5 and 12 Mev. These apparent temperatures are considerably higher than those found 
by direct measurement of (p,m) and (m,n) neutron spectra. 


I. INTRODUCTION 


CCORDING to the theory of nuclear reactions, 

as developed on the basis of the Bohr assumption, 

the determination of the relative cross sections for 

primary and secondary reactions can furnish informa- 

tion about the level spacing for intermediate and heavy 

nuclei.'* Consider the reactions Ag!(a,n)In"? and 

Ag!*(a,2n)In'". The energy distribution of the primary 
neutrons is given by 

I(e)de (1) 


where oc(e) is the cross section for the formation of the 
compound nucleus In'® from the level of the residual 
nucleus In! reached in the reaction. If oc¢(e) is known 
from the theory the level density w of In’ at an 
excitation energy E= €,x—€ can be computed directly 
from the measured intensity distribution J(€). The 
measurement of neutron spectra, however, is rather 
tedious and, for higher excitation energies, made 
uncertain by the emission of secondary neutrons. Rela- 
tive cross sections, on the other hand, can be determined 
by simple activity measurements. Assuming that a 
second neutron is evaporated whenever it is energeti- 
cally possible, one obtains for the cross-section ratio 


const eoc(€)w(€max— ede, 


-g(a,2n)/a(a,n) 


f Hode/ f I(e)de. 
€max Ss 


0 


r(€4) 


t Work supported by the U. S. Office of Naval Research and 
the U. S. Atomic Energy Commission. 

* Now at U.S. Military Academy, West Point, New York 

'V. F. Weisskopf and D. H. Ewing, Phys. Rev. 57, 472, 935 
(1940). 

2J. M. Blatt and V. F. Weisskopf, Theoretical Nuclear Physics 
(John Wiley and Sons, Inc., New York, 1952), Chap. VIII. 


Here, €q is the initial kinetic energy in the c.m. system, 
i.e., essentially the alpha-energy. S is the separation 
energy of the second neutron from In", €max—S=€a 
—T>, the maximum energy a primary neutron can 
have without making the escape of a secondary neutron 
impossible. 72, is the threshold energy for the (a,2m) 
reaction. 

It is obvious that the level density w(E) is not 
determined uniquely by (2), even if the cross-section 
ratio is known as a function of €.. Neglecting the 
variation of oc(e) one obtains, for E=S+e.+ Ton, 


dr d’r 
t Al 2 t (€g— Ton) || 


dé dé, 


dr 


w(h)= const 


de" 


Ss 8S E 
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Since B is not known, no direct calculation of w(£) is 
possible. Instead, the measurements are used to deter- 
mine the parameter in some assumed level density 
function, e.g., the nuclear temperature 0. By devel- 
oping the logarithm of the level density in the neighbor- 
hood of €max, using d(Inw)/dE=1/0, one can approxi- 
mate Eq. (1) by J(e€)=const evc(ee~’*. Assuming 
oc(e)=const, and €nax>>€max—S, the cross-section 


ratio becomes 


1r(€)= o(a,2n)/a(a,n)=e*/(1+x)—1= f(x), 


with 


(3) 


with x= (€g—T2n)/0. 

Theoretical estimates of the dependence of 6 on E 
vary with the model used. Blatt and Weisskopf give, 
for a degenerate-gas model, 0= (E/a)!, which leads to 
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w(E)=const exp[2(aE)!]. For A=115 they estimate 
a=8 Mev, giving 0=1.1 Mev at 10-Mev excitation 
energy. 

An investigation to determine 6 by measuring the 
relative cross sections of (a,n) and (a,2n) reactions was 
started by Lark-Horovitz and co-workers;> Bradt and 
Tendam‘ obtained results with Ag and Rh from which 
they concluded that, for alpha-energies between 15 and 
19 Mev, 9 is approximately 1.8 Mev. 

Recently, Gugelot® measured the energy distribution 
of neutrons emitted in reactions produced by 16-Mev 
protons. For A~100 it can be represented by /(e) 
= const € exp(—«/0), with 0=0.8 to 0.9 Mev. Simi- 
larly, the energy spectrum of inelastically scattered 
neutrons, at 14-Mev primary energy, measured by 
Graves and Rosen,® appears like a Maxwellian distri- 
bution corresponding to temperatures of about 0.7 Mev 
for all but the lightest nuclei. In view of these dis- 
crepancies, the measurements of Bradt and Tendam 
were repeated with increased accuracy. 


II. EXPERIMENTAL PROCEDURE 


The earlier measurements with silver had been per- 
formed using stacked foils. The analysis of the decay 
curves, comprising half-lives of 14.5 and 20.7 min 
(In'??™) 66 min (In"®), 4.3 hr (In!), 4.9 hr (In!!™) , 
and 2.84 days (In''), is somewhat uncertain, especially 
for the shorter periods, since several foils must be 
counted with the same counter. Since the activities 
arising from the irradiation of Ag!” are not well suited 
for the determination of excitation curves because of 
the nearly identical periods of In'®’ and In''™ it was 
decided to use enriched Ag!.? A foil of 2.5 mg/cm? 
(92.16 percent Ag'’*) was prepared by electrolysis from 
a cyanide solution onto a pure iron sheet. The iron 
backing with the silver deposit was mounted between 
two silver plated brass rings serving as the target holder 
for the bombardments. The silver was coated with 
polystyrene and the iron etched away with 5 percent 
sulfuric acid. Then the plastic coat was removed with 
chloroform. The thickness of the foil was determined 
by comparing the reduction in range of Po alpha- 
particles with that by a natural Ag foil of known weight. 

The same foil was used for the entire excitation 
curves, a separate bombardment being performed for 
each energy. The range of the cyclotron beam was 
measured by a remotely controlled absorption appa- 
ratus® patterned after that of Kelly.* The energy was 
reduced to the desired value by a monitor foil of 2.85 
mg/cm? natural silver and suitable aluminum absorbers. 

§ Lark-Horovitz, Risser, and Smith, Phys. Rev. 72, 1117 (1947) 

‘H. L. Bradt and D. J. Tendam, Phys. Rev. 72, 1117 (1947). 

5P. C. Gugelot, Phys. Rev. 81, 51 (1951), contains a rather 
complete list of references. 

6. R. Graves and L. Rosen, Phys. Rev. 87, 239 (1952). 

7 Obtained from the Isotopes Division of the U. S. Atomic 
Energy Commission, Oak Ridge, Tennessee. 

§ Gailar, Seidlitz, Bleuler, and Tendam, Rev. Sci. Instr. 24, 126 
(1953). 

9 E. L. Kelly, Phys. Rev. 75, 1006 (1949) 
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The beam current integrator was read every minute so 
that, for each activity produced, the equivalent number 


of alpha-particles at the end of the irradiation (¢=0) 
could be computed, 


1 0 
n= -f i(t)e*dt. 
ed _ 


The 66-min activity of the monitor foil was used to 
check the reliability of the current integrator; the 
agreement was within 2 percent, i.e., within the accuracy 
of the decay-curve analysis. 

The activities were measured in a standard arrange- 
ment with a thin-window beta-counter. The absolute 
efficiency for the radiations of In" was determined by 
measuring the decay rate of a strong sample of the same 
thickness by means of gamma-gamma-coincidences (see 
decay scheme, Fig. 1). Corrections for the maximum 
angular correlation of In™, f(#)=1.071(1—0.20 cos’), 
were applied, since the In" was embedded in the silver 
target.!° 

The decay rate of the isomeric state of In'? (see 
decay scheme, Fig. 1)'' was determined by measuring 
the intensity of the conversion line of the isomeric 
transition in a lens spectrometer whose geometrical 
factor was found, with the aid of the A conversion lines 
of the In"! sample whose strength was known. The 
conversion coefficients measured by McGinnis" (for 
In"') and calculated by Rose ef al."* were used. 

The relative cross sections for the production of the 
two states of In'? were obtained by setting the spec- 
trometer at 330 kev and following the decay of the 
beta-radiation, emitted from the ground state only. 
The initial activities, A, and A, of the two components 
of the decay curve are related to the cross sections by 


Og p A g Vz, 
= 1+ ; 
om Ny Am An Ch. 
where the indices g and m refer to the ground state and 
metastable state, respectively, and Q,, Q, are the cor- 
in"! in'!2 
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Fic. 1. Decay schemes of In"! (see reference 12) and In'® (see 
reference 11). Energies in Mev, not drawn to scale 


0 Aeppli, Frauenfelder, and Walter, Helv. Phys. Acta 24, 335 
(1951). 

1 Bleuler, Blue, Chowdary, Johnson, and Tendam, Phys. Rev. 
90, 464 (1953). 

2C, L. McGinnis, Phys. Rev. 81, 734 (1951). 

18 Rose, Goertzel, Spinrad, Harr, and Strong, Phys. Rev. 83, 
79 (1951). 
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Fic. 2, Excitation curves of the alpha-particle reactions with 
Ag'”. Present, absolute measurements: + =¢(a,2n), * =a(a,n), 
@ = 0(a,n)+-0(a,2n). Adjusted relative measurements by Bradt 
and Tendam (reference 4): A=o(a,2n), O =o(a,n), assuming 
constant o,/am, - -estimated maximum values of o(a,n), 
assuming increase of o,/om from 1/1.3 at 14 Mev to 2 at 1 
Mev. _ - theoretical total alpha-particle cross sections 


(reference 2). 


rected irradiation strengths. At all energies a growth 
curve was obtained (A,<0) such that the cross section 
for the production of the metastable state is larger 
than that for the ground state. The ratio varies from 
Om/0,=1.3 at 14-Mev alpha-energy to om/o,=2.6 at 
18 Mev. This energy dependence is to be expected 
because of the increasing contribution of alpha-particles 
with high angular momentum. 


III. RESULTS AND DISCUSSION 


The cross sections obtained are given in Fig. 2 
together with the adjusted results of Bradt and Ten- 
dam.‘ For the latter the energy scale has been shifted 
by slightly more than one Mev because of corrections 
for the density of the air in which the beam range was 
measured, for half the energy loss in the silver foils, 
and for the center-of-mass motion. The threshold for 
the (a,2n) process is thereby shifted from the earlier 
value of 15.5 Mev to 14.8+0.2 Mev in the laboratory 
system, 14.3 Mev in the c.m. system. There exists 
some uncertainty in the (a,) cross section below 14 
Mev, because the ratio o,,/o, is not known, only the 
20.7-min period having been measured. For the points 
indicated by circles a constant ratio has been assumed, 
while the broken curve indicates an estimate of a 
reasonable upper limit of o(a,m). 

The total cross section, taken as a= o(a,n)+a(a,2n), 
neglecting proton emission, can be compared with 
theoretical estimates® calculated for different values of 
the nuclear radius R=roA'. From the shape of the 
excitation curve, Bradt and Tendam had found agree- 
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ment with r9>= 1.3 10~-" cm. For the present, absolute 
measurements, a value of ro~ 1.6 10~"8 cm seems more 
appropriate. This value is in good agreement with the 
results obtained by Blaser et al. who, from the exci- 
tation curves for (p,m) reactions, find values of 1 
between 1.5 and 1.7 107" cm around A = 100. 

Assuming the validity of the approximations leading 
to Eq. (3), a value of x= (€a—72n)/O can be calculated 
for each energy. The function f(x) used has been 
modified graphically to take into account the finite 
thickness of the Ag’ foil and the straggling of the 
beam energy. The total width of the effective energy 
distribution at half maximum was about 0.5 Mev. 
Nevertheless, the corrections are appreciable only at 
energies less than 400 kev above the (a,2m) threshold. 
Figure 3 shows the dependence of x, determined from 
the measured cross-section ratio, on the alpha-energy. 
The broken line represents the best fit for a constant 
temperature, which would be 1.68 Mev, somewhat lower 
than the 1.8-Mev value reported by Bradt and Tendam. 
The solid line is the best fit using an energy dependent 
temperature 0 = (E/a)'= (e.—T,)*/a‘. An approximate 
value for 7,, the threshold for the (@,m) process has 
been obtained by adjusting the mass formula used by 
Harvey" so as to give the observed (a,2) threshold of 
~ 14.3 Mev (original value obtained from the formula: 
15 Mev). The binding energy of the last neutron in In" 
is about 7.5 Mev, the (a,) threshold, about 6.8 Mev. 
The constant a, then, would be 4.25 Mev", yielding 
temperatures varying from 1.34 Mev at 14.5-Mev 
alpha-energy to 1.66 Mev at 18.5 Mev. 

Actually the application of Eq. (3) is not justified if 
the temperature varies since in evaluating (2) one has 
to use the level density over a range of energies which 
is rather large compared to nuclear temperature. 
Figure 4 shows the direct comparison of the experi- 
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Fic. 3. Dependence of the nuclear temperature on the alpha 
particle energy (c.m.), according to Eq. (3). ————— @0 
=const = 1.68 Mev, 0=(eg—T,)!/at, with T,=6.8 
Mev and a=4.25 Mev™. 
44 Blaser, Boehm, Marmier, and Scherrer, Helv. Phys. Acta 24, 
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mental cross-section ratio, corrected for the finite beam 
width, with that calculated according to Eq. (2), 
putting oc(e)=const and w(E)=const exp[2(aE)!], 
and assuming S=7.5 Mev and 72,=14.25 Mev. The 
best value of a would be 2.5 Mev™, corresponding to 
temperatures increasing from 1.7 Mev to 2.2 Mev for 
excitation energies between about 7.5 and 12 Mev 
(alpha-energies between 14.3 and 18.8 Mev). 

The probable error in the cross-section ratio is 
estimated to be about 10 percent, that of the tempera- 
tures somewhat less. 


CONCLUSIONS 


The results of Bradt and Tendam have been con- 
firmed inasmuch as the nuclear temperatures deduced 
from the ratio of the cross sections for the (a,n) and 
the (a,2n) reactions with Ag'® are appreciably higher 
than those found by Gugelot from the (p,m) reactions 
and by Graves and Rosen from the inelastic scattering 
of neutrons. The constant a in the expression 0 = (E/a)! 
is found to be 2.5 Mev~, while Gugelot obtained about 
13 Mev for Rh, and the estimate of Blatt and Weiss- 
kopf is about 8 Mev™. 

The difficulty in the measurement of the neutron 
spectra would seem to lie in the proper subtraction of 
the secondary neutrons and also, as remarked by 
Gugelot, in the possibility of neutrons being emitted in 
a direct interaction with the incident particle rather 
than evaporated from the compound nucleus. The 
latter process, however, would be expected to increase 
rather than decrease the apparent temperature. 

In the case of the present measurements, any process 
which reduces the probability of the evaporation of the 
second neutron will increase the apparent temperature. 
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Fic. 4. Cross-section ratio o(a,2n)/a(a,n) as a function of the 
alpha-particle energy (c.m.). Curve calculated for w(E)=const 
exp[2(aE)*], with a=2.5 Mev™. 


It appears that the theoretical probability of gamma- 
emission or evaporation of a secondary proton is very 
small. Whether any process involving an “accelerated” 
proton emission after the evaporation of the first 
neutron could be invoked, is not known. In view of 
such possible complications of the method here em- 
ployed, it seems desirable to measure the distribution of 
the neutrons emitted in the (a@,m) process using the 
direct method applied in the case of the (p,) and (n,n) 
neutrons. 

The authors wish to thank K. Lark-Horovitz for 
suggesting the problem, G. J. Goldsmith for the 
preparation of the Ag’ foil, and R. L. Clary, O. Gailar, 
and D. M. Roberts for help in the construction and 
testing of equipment. 
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The decay of In" and In"? has been investigated with the aid of beta-ray spectrometer and coincidence 
measurements. From the half-life 20.7+0.3 min and the K/(L+M) ratio 3.72-0.4, the 155--1-kev isomeric 
transition in In"? is identified as M3. The 14.54-1-min ground state emits an allowed negatron spectrum of 
65646 kev and an allowed positron spectrum of 1.52+0.05 Mev. Even parity and spins of 4 and 1 are 
assigned to the two states. The 66-min ground state of In"® decays by emission of an allowed positron 
spectrum of 2,25+0.02 Mev to the 657-kev level of Cd", The electron capture from the 4.9+0.2—h 
isomeric state is followed by the known 884, 937, and 657-kev gamma-rays in Cd"®, Even parity is assigned 
to both levels. Conversion lines, with K/(L+M) =4.5+1 indicate an additional gamma-ray of 121 kev which 
may be the isomeric transition having a branching ratio of about 0.6 percent. It would have to be an M3 
transition with an abnormally long (factor 10%) half-life. The existence of the In" isomer is shown to remove 
several difficulties in the interpretation of the excitation curves of the alpha-particle reactions with silver. 


N the course of the measurements of the excitation 

curves for the (a,z) and (a@,2n) reactions with silver,! 
the decay of some of the indium isotopes involved has 
been reinvestigated. The measurements have been 
interrupted because of the remodeling of the Purdue 
cyclotron which was used for the bombardments. 
Though the decay schemes are still incomplete we wish 
to summarize the results obtained. 


I. In'? 
A. Previous Measurements 


The isomerism of In'” was recognized first by Smith.’ 
He found a growth curve of the activity, obtained by 
alpha-bombardment of Ag, from which he derived 
periods of 16.5 and 17.5 min for the upper and the 
lower state. Tendam and Bradt,* revised the half-lives 
to 23 and 9 min. Periods of 18 to 23 min for the gross 
activity were found by earlier workers.*~? The energy 
of the isomeric transition has heen given as 0.12? and 
0.16 Mev.*® The ground-state decays by both positron 
and negatron emission. Maximum energies of 0.47? and 
1 Mev’ have been quoted for the negatron spectrum, 
1.3? and 1.7 Mev*:? for the positrons. 


B. Isomeric Transition 


In'® was produced by bombarding silver, mostly in 
the form of foils of 10-4 in. thickness, with 20-Mev 
alpha-particles. Since only indium activities are pro- 
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duced in this way, the foil could be used as a source for 
spectrometer or coincidence measurements without 
further treatment. A chemical separation was performed 
in many runs, however, in order to ascertain the assign- 
ments, to obtain thinner sources, and to remove a weak 
activity of Ga® (9.4 hr) which is produced from the 
copper contamination of the silver foil. 

The conversion line was measured in a 180 
trometer of 10-cm radius and a double-coil lens spec- 
trometer of 75-cm focal length. In the latter positrons 
and electrons can be distinguished by blocking the 
annular opening of the baffle system at two places 
chosen so that the electrons rotate 90° between the 
obstructions. The particles transmitted by the first 
shutter will then either be transmitted or stopped by 
the second shutter, depending on the sign of rotation. 
The transition has an energy of 155+1 kev, the 
K/(L+M) conversion ratio is 3.7+0.4. The half-life, 
obtained by following the decay of the peak intensity 
of the conversion line (Fig. 1, curve a) as well as by 
measuring its area several times during a period of 7 
half-lives, is 20.7+0.3 min. (The errors quoted are 
estimated probable errors.) 


spec- 


C. Decay of the Ground State 


The half-life of the ground state was determined by 
setting the spectrometer for electrons of 0.33 Mev and 
measuring the growth curve (Fig. 1). Since no con- 
version lines are in the neighborhood of this energy one 
measures only the disintegration of the ground state. 
The half-life resulting from the analysis of several runs 
is 14.5+1 min. The wide variations between the values 
given for this period by different workers is due to the 
difficulty of the growth curve analysis for nearly equal 
half-lives of the parent and daughter activities. The 
new value is considered to be rather reliible since the 
longer-lived background has been reduced by at least 
a factor ten from the earlier measurements. 

The negatron spectrum has an upper limit of 656+6 
kev. The measurement of the positron spectrum is 
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complicated by the presence of the strong 2.25-Mev 
spectrum of the 66-min In"®. It was determined by 
analyzing the decay curves for several settings of the 
spectrometer. As expected, the positron spectrum shows 
the same growth curve as the negatrons. The upper 
limit is 1.52+0.05 Mev. With the measured ratio of 
1.94 of the 8~ and the 8* spectra and the theoretical 
branching ratios for electron capture one obtains 
B-: B+: EC=44: 24:32, giving logft=4.05 and 4.58 for 
the 6~ and §* transitions, respectively. It is assumed 
that the two transitions lead to the ground states of 
Sn" and Cd!” and that the decays are simple (with an 
estimated upper limit of 25 percent for the probability 
of transitions to excited states), since the Fermi plots 
are essentially straight, the gamma-ray intensity in a 
calibrated arrangement® is that expected from the 
annihilation radiation and the isomeric transition alone, 
and there are no By coincidences. Also, the calculated 
threshold for the production of the isomeric state by a 
(pn) reaction with Cd"", 3.50 Mev, is in agreement 
with the value of 3.2+0.3 Mev measured by Blaser ef al.® 


D. Discussion 

The suggested decay scheme of In'” is given in the 
insert of Fig. 1. The ground state has even parity and 
probably J=1, due to a gz, g7/2 combination of the 
odd nucleons. (Spin 0, though compatible with the 
allowed decay, cannot be obtained from the shell 
model.) From the half-life the isomeric transition seems 
to be £3 or M3. The empirical values'’ for the mean 
life r, vary between 10 and 10* sec, while the experi- 
mental values are 1.5X10* sec for an M3, 5X 10* for 
an E3 transition. Comparison of the experimental 
K/(L+M) ratio of 3.7+0.4 with the empirica! values'® 
4.9 (M3), 1.75 (3), 0.6 (£4), and 1.9 (M4) indicates 
an M3 transition. By comparing the areas of the con- 
version line and the beta-spectra and correcting for 
the branching ratios of the ground-state decay and for 
the parent-daughter relationship it was checked that 
the 155-kev transition is nearly completely converted, 
as expected for the M3 transition for which the K-con- 
version coefficient is 5.75.'' The measurements are too 
inaccurate for the determination of the actual con- 
version coefficients. 

The isomeric state, then, would have even parity and 
[=4. It could be interpreted as a gg/2, 51/2 combination 
of the odd proton and odd neutron, as is the 5+ isomeric 
state of In", 


II. In!” 
A. 66-min Ground State 


The positron energy has been given as 1.6 Mev® and 
2.0 Mev.’ Measurements with both spectrometers yield 
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Fic. 1. Determination of the half-lives of the In"? isomers. 
a Decay of the conversion peak of the 155-kev isomeric transition ; 
6 gross decay curve of 330-kev negatrons (not shown at ¢<130 
min); ¢ long lived background; d= 6—c growth curve of the beta- 

4 : Spat = tage 
particles emitted from the ground state; e 20.7-min equilibrium 
asymptote; f=e—d, gives period of ground state, 14.5 min. 


Emax= 2.25+0.02 Mev, the Fermi plot appearing 
straight down to below 0.4 Mev. With the theoretical 
branching ratios for an allowed transition, Bt: EC 
= 72:28, one obtains log ft=5.5. 

The negatron spectrum shows the conversion elec- 
trons of a gamma-ray of 656+3 kev. Positron-gamma- 
coincidence absorption measurements, using brass and 
Bi-cathode gamma-counters, give a By/f8 ratio which 
is independent of the absorber thickness, indicating 
that essentially all decays are followed by the gamma- 
ray. The strength of the gamma-radiation, as deter- 
mined by gamma-annihilation radiation coincidences 
and by comparing the intensities of the photoelectrons 
from a lead radiator, is in agreement with this assump- 
tion. It is estimated that less than 3 percent of the 
positron transitions go to the ground state of Cd!™. 
The total decay energy, 3.93 Mev, is in agreement with 
that derived from the (p,m) threshold measurement by 
Blaser ef al.,? 3.740.2 Mev. 


B. 4.9-hour Isomeric State 


The existence of an isomeric state of In" was sug- 
gested by the alpha-particle excitation curves of Ag 
obtained by Ghoshal” which are reproduced in Fig. 2. 
The chief processes are the (a,n), (a,2n), and (a,3n) 
reactions with the two silver isotopes whose cross 
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Fic. 2. Excitation curves of (a,n), (a,2n), and (a,3n) reactions 
with silver, from Ghoshal (reference 12). The broken line has been 
added to indicate the estimated contribution of In" to the 
~5-hr period. 


sections show maxima at about 18, 25, and >30 Mev. 
The 66-min activity, then, is interpreted as being due 
to the process Ag!’?(a,n)In"® below 25 Mev, while it 
is produced by an (a,3m) reaction with Ag'™ at the 
higher energies. The 2.8-day In'" is produced by an 
(a,2n) reaction with Ag’. The 5-hr activity, with a 
similar excitation curve below 25 Mey, is assigned to 
In' (more recent determinations give half-lives of 
4.3'* and 4.2 hr'*). At the higher energies it must be 
the product of an (a,3n) reaction and was therefore 
assigned to In'®, thought to have a period similar to 
that of In'®. Mallary and Pool,!* however, found a 
half-life of about 55 min for In'®. This activity, ex- 
pected to be present in the excitation curves above 25 
Mev, may not have been distinguishable from the 
66-min activity of In"°. The 5-hr product of an (a@,3n) 


Bp (Gauss 


Fic. 3. Conversion lines from In" and In". Broken lines 
indicate strong conversion lines from Ag"™ (Siegbahn, reference 
16) whose intensities are appreciably different from those found in 
the decay of In". 
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reaction, then, must be an isomer of either In'® or In'®. 
The latter possibility would also explain the behavior 
of the 5-hr excitation curve near its threshold. The 
threshold and the initial slope are lower than expected 
for an (a,2n) reaction and than found for In", indi- 
cating the admixture of a small amount of In™™ 
produced by an (a,m) process. 

The assumption has been verified'® by observing a 
complex decay of the conversion line of the 656-kev 
gamma-ray, with periods of 66 min and 4.9 hr, and by 
identifying in the 4.9-hr activity other gamma-rays 
emitted from Cd""® which are known from the decay of 
Ag". The latter results were also obtained by 
McGinnis." 

The negatron spectrum of the 5-hr activity is shown 
in Fig. 3, together with some of the conversion lines 
found by Siegbahn’® in the decay of Ag"'®. Table I sum- 
marizes the gamma-ray energies and relative intensities 
of the conversion lines found by different authors. The 
energies given by Cork et al.'’ will be used in the dis- 
cussion. The main difference between the intensities 
found by McGinnis'* and us may possibly be due to a 


TABLE I. Gamma-ray energies (in kev) and relative intensities 
of conversion lines from Ag! and In", 


E 657 884 937 116 (/.T.) 
656 885 935 116 
350+-2704 
119 (1.T.?) 
82+ 184 
656 935 121 
160+354 


Ag"™ Cork et al.* 

Ag" Siegbahn” E 
Int. 100 20 

In!" McGinnis* E 661 5 935 


Int. 100 E 11 


In!" this work E 
Int. 100 42 27 


* See reference 17. 
> See reference 16. 
© See reference 14. 
4K and L conversion lines 


residual 66-min component of his 657-kev line. Our 
intensity of the 121-kev line may be appreciably in 
error because of scattering and absorption in the sources, 
most of which had a thickness of 2.5 mg/cm’. 

The decay of the different conversion lines is given 
in Fig. 4. The 657-kev gamma-ray seems to be the only 
one emitted also from the 66-min ground state. The 
half-life of the isomeric state is found to be 4.9+-0.2 hr, 
in agreement with the value of 5.0+0.2 hr given by 
McGinnis. 

The 121-kev line is of special interest because it could 
be the isomeric transition. It appears probable that 
this line is not observed in the decay of Ag", although 
the conversion electrons might possibly be masked by 
the conversion peaks of the 116-kev isomeric transition. 
Since the line could belong to In’ whose half-life is 
not too different, the assignment to In!" was con- 
firmed with the aid of a partial excitation curve. A 
stack of four Ag foils of 2.5 mg/cm? thickness was 


6 Bleuler, Blue, and Johnson, Phys. Rev. 82, 333 (1951). 
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17 Cork, Rutledge, Branyan, Stoddard, Childs, and LeBlanc, 
Phys. Rev. 80, 286 (1950). 
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bombarded with a 19-Mev alpha-beam. The intensities 
of the 121-kev line, the 66-min and the 4.9-hr com- 
ponents of the 657-kev line, and of the conversion lines 
of In™ were measured. Figure 5 shows that the excita- 
tion curve for the 121-kev line is identical with that of 
the 4.9-hr period of the 657-kev gamma-ray. This is 
evidence that the two lines belong to the same nuclide. 
If the 121-kev line were emicted by In'™, one would 
expect an excitation curve similar to that of In", which 
is considerably steeper, being due to an (a,2) reaction. 
While being flatter than that for the (a@,2m) process, the 
excitation curve for In" is steeper than that for the 
ground state of In", indicating that the metastable 
state has the higher angular momentum. 

If the 121-kev line is assumed to be the isomeric 
transition, the branching ratio between the isomeric 
transition and the electron capture leading to the 
emission of the higher energy gamma-rays can be calcu- 
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Fic. 4. Decay of the conversion lines from In"!° (5-hr bombard- 
ment). Only the 657-kev gamma-ray is emitted in the decay of 
both isomeric levels. 


lated from the ratio of the 121-kev and 657-kev con- 
version lines. With nearly complete conversion for the 
former and a conversion coefficient of 2.85 10~* for 
the latter (for an E2 transition, in agreement with the 
measurements'*) one obtains a probability of 0.6 percent 
for the isomeric transition. It should be followed by the 
emission of the ground-state positron spectrum with an 
upper limit of 2.25 Mev. A high energy positron 
spectrum has been found to follow the 4.9-hr period, 
but the intensity was too weak to determine the energy 
accurately enough for a definite assignment to the 
ground state transition. 


C. Discussion 


The tentative decay scheme of In"® is given in Fig. 6, 
together with that of Ag"®, taken from Cork et al." The 
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Fic. 5. Partial excitation curves for the reactions Ag'®*(a,2n)- 
In™ (a), Ag!°"(a,n)In"™" (b, c), and Ag!*(a,m)In"° (d). The 
ordinate scale is not the same for the different curves. The simi 
larity of curves b and ¢ confirms the assignment of the 121-kev 
line to In", The steeper slope of b and c as compared to d is due 
to the higher angular momentum of In!!™., 


isomeric transition in Ag"® is classified as M4, the 
metastable state as having 7=5 with odd parity. The 
87-kev beta-transition is allowed, which gives odd 
parity to the 2924-kev level. The 530-kev decay has 
an ft-value of 10°, with (Wo?—1) ft~3X 10, indicating 
even parity and probably /=4 to 6 for the 2477-kev 
level. The assignment of even parity is compatible with 
the multipole character of the gamma-rays deduced 
from Siegbahn’s conversion coefficients. The 657-kev 
line may be assumed to be E2; the 884 and 937-kev 
transitions then seem to be E2 and M1, respectively 
(or mixtures thereof), leaving the parities of the levels 
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kG. 6. Decay schemes of Ag"® (according to Cork et al., refer- 
ence 17) and In". The strong transitions of 764, 1384, and 1504 
kev (broken lines) are not observed in the decay of In". The in- 
tensity of the weaker lines, some of which are expected to occur, 
was insufficient for observation. Additional weak transitions from 
both In"® isomers to higher and intermediate levels of Cd'° must 
be anticipated. 


16 M. Goldhaber and R. D. Hill, Revs. Modern Phys. 24, 179 
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identical. The ft value of the electron capture from 
In!" to the 2477-kev level is about 10° (this value would 
not change much if the 121-kev line is not the isomeric 
transition). This allowed transition requires even parity 
of In!’ and an angular momentum not smaller than 3h. 
The transition to the 2924-kev level is at least once 
forbidden, in agrezment with the failure to observe the 
764, 1384, and 1504-kev gamma-rays in the decay of 
In'"'°™. Since the 937-kev transition is no longer by- 
passed by the 1384-kev line and the 677+ 705-kev 
cascade, its relative intensity is expected to be stronger 
from In!" than from Ag!"!°™, in agreement with the 
experiment (Fig. 3). The increase is not quite as large 
as expected from the gamma-ray intensities of Siegbahn ; 
this may be due to additional transitions leading to the 
1541-kev !evel from some higher states. 

The parity of the ground state must be even and the 
angular momentum between f# and 3h. A value of h 
would be the most natural assumption, as being due to 


combination of the odd proton and the odd 
114 


the 9/2, £7/2 
neutron, in analogy to the situation in In! and In 
The apparent absence of the ground state transition 
(which is observed in both In"? and In!*), however, 
might indicate a somewhat different configuration with 
[=2. 

If the 121-kev transition is the isomeric transition 
it would have to be M3 or £4 according to the above 
parity assignments. The experimental K/(1+M) ratio 
is 4.5+1, while the empirical values’ are: 3.9 (M3), 
1.4 (M4), 1.2 (£3), and 0.25 (£4). The M3 assignment 
indicated by these values is not very satisfactory 
because the experimental lifetime for gamma-emission 
becomes 10% sec, whereas the values normally found for 
l= 3 range between 10? to 10° sec for this energy.'® One 
thus would be forced to assume a highly anomalous 
transition probability. 

It is quite possible that this line is not the isomeric 
transition but a mixture of M1 and £2 (according to 
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the K/L ratio) to be fitted somewhere in the disin- 
tegration scheme. Attempts to determine accurately 
the K—L difference, to identify the coincident x-rays, 
and to detect the unconverted gamma-ray have failed 
so far because of the low intensity of the line. 

There is a further, though small, possibility that the 
two electron lines interpreted as the A and L conversion 
lines of the same gamma-ray, are actually unrelated 
and that the strong line corresponds to the L conversion 
of an F4 transition of about 97 kev. The K line would 
be quite weak (A/L<0.2) and might be missed unless 
very thin sources are available. 

If there were no observable isomeric transition, as in 
In''®, the low intensity, ~ 5-hr, positron spectrum may 
be interpreted as a direct transition from the meta- 
stable level to some unidentified intermediate level, 
with probably negative parity, of Cd!, 

Finally, it is possible that the 66-min state is the 
metastable one, although this would imply a reversal 
of the order of angular momenta found in the other even 
In isotopes. 


III. CONCLUSION 


The isomeric states of both In"® and In'” are shown 
to have even parity, i.e., the same parity as the ground 
state. This behavior appears to be the rule for the even 
In isotopes since even parity of both states has also 
been found’® for In''* and made probable for In"'*,?° 
All isotopes with the possible exception of In" have a 
ground state spin of #, while the angular momentum of 
the metastable states seems to vary between the values 
4h and 5h. 
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A beam of negative u-mesons produced inside the tank of the 184-inch cyclotron has been studied. 2.71 
percent formed one-prong stars when stopped in Ilford C2 emulsion. Two two-prong stars with prong ranges 
of 2 or 3 microns were observed which appear to be fission-like disintegrations induced by uw capture. 32 
percent of the u~-mesons have clusters of grains about 1 micron in diameter or two pronglets about one 
micron long at their termini. These are interpreted as Auger electrons accompanying capture by a heavy 
nucleus, or in some cases as fission of the capturing nucleus. An upper limit on the cross section for direct 
production of negative u-mesons, da/dQdp, in the forward direction at pc=129 Mev, has been evaluated to 
be 0.015 times the cross section for production of negative r-mesons in the same interval 


INTRODUCTION 


ARLY studies! of the mesons coming from a 

cyclotron target bombarded by alpha-particles re- 
vealed that some positive mesons coming from the 
target were muons. They also revealed that negative 
muons did not seem to come from the target but from 
regions where pions decayed in flight. The positive 
muons from the target were presumed to arise from 
decay of positive pions stopped in the target, and the 
observed muon spectrum was consistent with this as- 
sumption. The question whether muons are also pro- 
duced in a primary process in the target can be answered 
in the affirmative if such mesons can be detected in the 
presence of a background of muons arising from decay 
of pions in the vicinity of the target. 

This paper’ reports an experiment to study the pro- 
duction of negative muons using nuclear track emulsion 
detectors in the vicinity of a target inside the cyclotron. 
The bombarding proton beam had an energy of 340 
Mev, which exceeds the threshold for single production 
of muons by more than 200 Mev if such a process is 
possible. It also exceeds the threshold for production of 
muons in pairs, one member of which has an energy of 60 
Mev—high enough to be detected in this experiment. 


EXPERIMENTAL APPARATUS 


The target used was a rod of beryllium of cross section 
} in.X} in. Adjacent to this a channel was constructed 
which, when placed in the magnetic field of the cyclo- 
tron, would admit particles from the target only if they 
emerged in the forward direction, i.e., parallel to the 
bombarding beam, in the momentum interval 129+4 
Mev/c. Particles originating from points other than the 
target would be admitted in other momentum intervals. 
Pions originating from the target and traversing the 
channel lie in the range interval 1.5 to 1.7 cm of copper. 
In addition to these, a few higher energy pions will 
scatter into the channel and appear with longer ranges. 
Muons from the target, traversing the chann:., would 


1 Burfening, Gardner, and Lattes, Phys. Rev. 75, 382 (1949). 

2 Preliminary results of this experiment were reported to the 
Berkeley meeting of the Physical Society in December, 1951. The 
abstract is published in Phys. Rev. 85, 771 (1952). 


appear in the range interval 2.0 to 2.85 cm of copper. 
Muons which arise from decay of pions in flight will 
emerge from the channel distributed over a wider range 
interval. Since the density of pions rapidly decreases 
with distance from the target, the target region acts as 
a diffuse source of muons, even if all muons originate 
from decay of pions in flight. 

Figure 1 is a diagram of the experimental arrange- 
ment, showing the target, lead shielding, the channel, 
and the absorbers in which the photographic emulsion 
was embedded. 

At the end of the channel, in the position marked A 
in Fig. 1, was placed a rectangular copper absorber, 2.0 
cm thick, which stops m-mesons of momenta up to 142 
Mev/c. However, u-mesons of momenta greater than 
120 Mev/c penetrate this barrier because of their 
smaller mass. The u-mesons are then slowed down in a 
wedge shaped copper absorber and detected in a 200- 
micron Ilford C2 emulsion placed behind the wedge. 
Immediately behind the emulsion an absorber of alumi- 
num (chosen to reduce back scattering) was bolted, so 
that the three absorbers formed a solid plate holder. 
Figure 2 shows the position of the emulsion in the 
absorbers. 

This method of stopping the 7-mesons was employed 
only after the experiment had been tried without using 
the rectangular absorber. Originally it was hoped to 
observe the m-mesons and u-mesons on the same plate 


TARGET 


MESON ORBIT 


Fic. 1. Apparatus for producing a negative muon beam, showing 
the positions of the target, shielding, channel, and plate holder. 
During the bombardment, the channel and chamber containing 
the plate holder were covered with additional shielding. 
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Fic. 2. Plate holder and emulsion for detecting the negative 
muons. Lead shielding was also placed under this plate holder to 
prevent mesons scattering into the emulsion from below. 


separated by range into two groups. One plate con- 
taining both the pions and muons admitted by the 
channel was scanned to obtain the muon-pion ratio used 
in estimating the upper limit on the cross section for 
direct production. However, without the rectangular 
block, some m-mesons were able to reach the yu-range 
portion of the plate by scattering into the glass backing 
the emulsion, or the cracks between the absorber and 
the emulsion, in which ranges are greater than in copper, 
so that when these mesons again scattered into the 
emulsion, they ended in the section of the plate con- 
taining the muon distribution. To eliminate this z- 
contamination, the rectangular absorber was placed in 
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Fic. 3. Range histogram of p-mesons. The solid line histogram 
is the observed distribution. The dashed line shows the computed 
distribution expected if all of the w-mesons are produced in the 
target. The dotted line histogram, obtained by subtracting the 
dashed line distribution from the solid line distribution, is the least 
possible number of u-mesons which could originate from decay in 
flight. The area between the dotted and the solid histograms 
represents the maximum number of u-mesons observed which 
could have been produced in a primary process in the target. 
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front of the detecting plate to stop the m-mesons before 
there was any chance for them to enter media in the 
detecting system less dense than copper. 

The entire apparatus was mounted on a cart which 
was moved through an air lock into the cyclotron tank, 
where the experiment was performed. 


RESULTS 


Following a 10-minute exposure, 369 p-meson endings 
were observed. Their distribution in range is shown by 
the solid line histogram in Fig. 3. In addition to these a 
number of mesons were observed, which formed stars. 
In line 1 of Table I, these mesons are classified by the 
number of prongs in the stars they produce. In order to 
compare our star prong spectra with those of Adelman 
and Jones,’ Menon,* and Adelman,’ the definition of a 
star prong used by these experimenters has been 
adopted for this study. According to their definition, 
any track of length greater than one micron, and having 
a well-defined direction of emergence from the star 
center, is a prong. 

Two sources of pion contamination are known. A few 
high energy pions scatter into the channel. Also, there 
appear to be pions produced in the shielding, probably 
by neutrons. This is indicated by the fact that of the six 
negative mesons which entered the emulsion at angles 
greater than 90° to the muon beam direction, only two 
were p-mesons, while four formed stars. Also, one meson 
was found entering the emulsion at greater than 90° 
which underwent m—w decay. 

An attempt was made to distinguish between star- 
forming muons and the pion contamination, by grain- 
counting all of the mesons which formed stars, and a 
sample of the non-star-forming mesons. Although groups 
of predominantly m-mesons could be separated from 
groups of u-mesons by this method, the resolution was 
not sufficient to determine whether an individual meson 
was a pion or a muon. 

Correction for the pion contamination was carried 
out in the following manner: all stars of three or more 
prongs were assumed to be due to pion capture, since 
their distribution is consistent with the known prong 
spectrum of pions and because the excitation imparted 
to the nucleus by muon capture is expected to be small. 
Normalizing to the total number of three and more 
prong stars, the numbers of two, one, and zero prong 
stars, which would most nearly fit an Adelman distribu- 
tion,® were computed. These numbers (shown in line 3 of 
Table I) are subtracted from the observed distribution 
to deduce the number of muons ending in the plate. The 
results are shown in line 4 of Table I. The probable 
errors which have been assigned to these numbers have 
been computed from the formula for the probable error 
of the difference between a Poisson variable (the ob- 

3F. L. Adelman and S. Jones, Science 111, 226 (1950) 

4 Menon, Muirhead, and Rochat, Phil. Mag. 41, 583 (1950). 
=a 4 - Adelman, Phys. Rev. 85, 249 (1952); see also line 2 of 
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Fic, 4. Examples of muons ending in spherical clusters of grains or in pronglets, one micron long 


served number of stars of given prong number), and a 
constant (the Adelman percentage) times another 
Poisson variable (the total number of stars of more than 
two prongs). Of the mesons observed, 367 are calculated 
to be w-mesons; 10 or 2.741 percent of these formed 
one-prong stars. Morinaga and Fry,® studying negative 
muons from the Chicago cyclotron, find 3.1 percent 
forming stars, 2.6 percent forming one prong stars. The 
similarity between the prong distributions obtained in 
this experiment, and the experiment of Morinaga and 
Fry, confirmed that the mesons which were studied 
were actually negative u-mesons. 

A study of the endings of these mesons under a 
magnification of 1375 showed that 32 percent of the 
non-star-forming mesons ended in roughly spherical 
clusters of grains about one micron in diameter, or in 
two short pronglets each about one micron jong (see 
Fig. 4).* Short pronglets were observed by Franzinetti’ 

6H. Morinaga and W. F. Fry, Phys. Rev. 87, 182 (1952). 

7C. Franzinetti, Phil. Mag. 41, 86 (1950). 

* Note added in proof:—Recent work by Fry (private com 
munication) supports belief in the Wheeler-Tiomno mechanism 


and were interpreted by Cosyns e/ al.,* as due to internal 
conversion electrons resulting from capture of muons in 


TaBLE I. Star prong spectra. 
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for capture of w mesons, u +/-»n-+-», with a neutrino energy 
of about 75 Mev and a resulting nuclear excitation of about 25 
Mev. The range of a light nucleus in the emulsion recoiling from 
the emission of a 75 Mev neutrino or from a neutron or neutrons 
emitted with most of the nuclear excitation energy will be of 
the order of one micron (James F. Miller, University of California 
Radiation Laboratory Report 1902). Such recoils might explain 
a few of the heavy clusters of grains at the meson endings. 

Dilworth, Occhialini, Schoenberg, and Page, Proc. 
(London) A62, 801 (1949). 
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Fic. 5. One of the small two-prong stars, in"which each prong is 
only 3 microns long. 


silver and bromine. Several experimenters’ (including 
the author) believe that some of these pronglets are too 
heavily ionizing to be electrons, which suggests as an 
alternate interpretation that some of these events are 
fission type disintegrations. In addition to these, two 
two-prong stars were found in which the prongs were 
only two or three microns long (see Fig. 5). These 
prongs are too heavily ionizing to be electrons, and of 
too short range to be protons escaping the barrier of a 
still intact nucleus. They appear to be fission of a light 
nucleus. Although such stars are not a frequent conse- 
quence of w-meson capture, the possibility that these 


may have been caused by m-mesons cannot be excluded, 


George and Evans,'’ exposing plates underground to 
cosmic rays, found 0.6 percent of the stopped negative 
muons forming small two prong stars. 


* EF. P. George, private communication, and reference 7. 
10 FE, P. George and J. Evans, Proc. Phys. Soc. (London) A64, 


193 (1951). 
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The energies of the mesons detected in the plate were 
measured by their ranges in the copper absorbers. The 
solid line histogram in Fig. 3 shows the observed range 
distribution of p-mesons in the plate. The dashed line 
histogram in the same figure is the range distribution of 
u-mesons which would be expected if the u-mesons were 
produced in the target. This curve was obtained from an 
observed range distribution of z-mesons selected by the 
channel from a target of the same dimensions as the one 
used in this experiment. The ranges of u-mesons having 
the same momenta as the m-mesons observed were 
computed and the relative abundances in each mo- 
mentum interval of the spectrum plotted for these 
ranges. 

An upper limit on the number of directly produced 
muons may be estimated by considering the observed 
distribution as the sum of the muons produced directly 
in the target, and the muons arising from decay in flight 
of pions near the target. The spectrum of these latter 
muons should be as if they originated from a wide, 
diffuse target centered at the real target. In particular, 
the distribution should not be double peaked, nor should 
its peak, if it has one, be displaced from the peak of a 
distribution from the real target. Keeping the decay-in- 
flight spectrum subject to these conditions, the maxi- 
mum number of muons which could have come directly 
from the target was determined. 

The resulting decay-in-flight spectrum is shown by the 
dotted line histogram in Fig. 3. The number of mesons 
between the dotted line and the solid line is the maxi- 
mum number which can have been directly produced. 
This number may be compared with the number of 
m-mesons produced in the same solid angle and mo- 
mentum interval to obtain an upper limit on the ratio 
of the cross sections d¢/dQdp for muon and pion pro- 
duction. For this, a plate which had been exposed 
without the absorber A of Fig. 2 was scanned and the 
ratio of muons to pions admitted by the channel was 
found to be 0.13. Of the muons, 12 percent is the 
maximum fraction which could have been directly 
produced in the target. Therefore, the maximum value 
of da/dQdp at po=129 Mev in the forward direction is 
0.015 times the cross section for negative pion produc- 
tion in the same interval. 

Grateful thanks are due Harry Heckman for con- 
struction of the channel and for data on the m-meson 
spectrum in the channel, Mr. A. J. Oliver for the 
photographs of Figs. 4 and 5, Dr. Walter Barkas for 
conceiving and proposing the experiment, and Dr. 
Barkas and Dr. Frank Adelman for many helpful dis- 
cussions throughout the course of the experiment. 
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Scintillation Counter Measurements* 
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A new method of measuring high energy photons and electrons is reported. Using an experimental arrange- 
ment consisting of G-M counters and scintillation counters with large plastic scintillators, the number vs size 
distribution of cosmic-ray showers produced by photons and electrons in a lead block of one inch thickness 
was measured. From the results of shower theory the energy spectra of cosmic-ray photons and electrons at 
Chicago (600 ft above sea level and 51° N geomag. lat) were deduced. The results of the present investigation 
show that in the energy range of 0.3-2.0 Bev, the differential energy distributions can be represented by a 
power law of the form E~*, with s=2.71+0.13 and s=2.81+0.13 for the photon and electron components, 
respectively. The exponent s decreases considerably at energies below 0.2 Bev. An essential part of this 
investigation is to provide a suitable means of measuring the energies of energetic y-rays or electrons, or the 
energy distribution of energetic y-rays or electrons. The results show that scintillation counter arrangements 
consisting of large plastic scintillators are suitable instruments for these purposes. This method could also 
be applied to energy measurements of photons and electrons from high energy accelerators. 


OME information about the energy distributions of 

the electron component’ and the photon com- 
ponent®:® of cosmic rays has been reported previously. 
In many cases, the accuracy of the results has been 
limited by the experimental instrumentation available. 
Recently we have been able to make large plastic 
scintillators with little internal absorption,’ and with 
linear response to energy loss up to at least several 
times minimum ionization.’ These properties make it 
possible to use this kind of scintillators in suitable 
arrangements to measure the energy of electron showers 


more accurately. ' 


I. EXPERIMENTAL ARRANGEMENT 


A schematic sketch of the experimental arrangement 
used is shown in Fig. 1. PS; and PS; are two anthracene- 
in-polystyrene plastic scintillators,” each of dimensions 
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Fic. 1. Experimental 
arrangement. 
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End View 


1.90 cemX7.35 cmX17.0 cm. The lead block Pb of 
dimensions 2.54 em X 6.35 cm X 17.0 cm placed between 
these plastic scintillators was used as the shower 
generator. All the G-M counters A, B,C, EF, Di, ---, De, 
were made of brass of a wall thickness of 1/32 inch. The 
side counters E were connected in parallel, and events 
in which any one of the counters / was fired are ex- 
cluded from the data reported here. With the lead 
shielding S (of about 4.5 radiation lengths) in position, 
at least one of the side counters would be actuated by 
photons entering from the sides. 

The pulses from the two 5819 photomultiplier tubes 
which viewed the two plastic scintillators were shaped 
to a width of 1.5 usec by the use of delay-line units 
(see Fig. 2). The pulse from the upper scintillator PS, 
was delayed 4 usec and the pulses from the G-M 
counters A, B, C, FE, D,, De, D3, Dy, Ds, and Dg were 
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Side View 


2349 cm 
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Fic. 2. Block diagram of recording circuits. The abbreviations 
have the following meanings: A, amplifier; 4, mixer; CC, coin 
cidence circuit; CF, cathode follower; DL, delay line unit; PS, 
pulse shaping unit; VD, Schmitt voltage discriminator; DMV, 
delaying multivibrator; CD, camera drive unit; MR, mechanical 
register. 


delayed with multivibrators by 12, 20, 28, 36, 44, 52, 
60, 68, 76, and 84 usec, respectively. The sweep of the 
synchroscope was triggered by a coincidence of a pulse 
of size greater than a “minimum pulse’’® in PS: and 
simultaneous firing of (a) any one, or (b) at least two 
of the G-M counters D,, --+, Ds. These two kinds of 
coincidences will be called coincidence PS2:D and co- 
incidence P.S,DD, respectively, and were selected by 
adjusting the bias setting of the Schmitt voltage dis- 
criminator VD. The input to the vertical deflection 
amplifier of the oscilloscope was delayed 4 usec after 
the triggering of the sweep. The oscilloscope trace was 
recorded photographically by a camera which was so 
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Fic. 3. The differential pulse-size distributions for minimum 
ionizing particles A, and for photon-produced showers B in 
experiments of Series 1. Histogram B refers to the lower scintillator 
only. Both the ordinate and the abscissa are in arbitrary units 
For the abscissa, the same arbitrary unit is used in both A 
and B. 


*A “minimum pulse” means a pulse of size of about 5 percent 
of the most probable pulse size produced by a minimum ionizing 
particle in passing through the scintillator. 
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equipped that the gate output from the oscilloscope 
automatically moved the film ahead for another event. 
A Tektronix Type 513-D oscilloscope was used in these 
experiments. 

Two series of experiments were carried out. In 
Series 1, the lead shielding S was in the position shown 
in Fig. 1. In Series 2, the shielding was removed. This 
enabled one to estimate the contributions of photons 
coming from directions making large angles with the 
vertical and to test the effect of the geometry adopted in 
the present experiment on the experimental results. 
Altogether, more than 25 000 useful events were re- 
corded, with about equal number of events in each of 
the two series of experiments. 


II. EXPERIMENTAL RESULTS 


In both series of experiments, events in which the 
sweep was triggered by coincidence PS,D and by co- 
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Fic. 4. Theoretical relationship between the size of a shower (in 
number of electrons) and the energy of the primary photon or elec- 
tron initiating it. Large symbols indicate Monte Carlo method 
(see reference 15); small symbols indicate approximation (b) (see 
references 12-14) 


incidence PS:DD were recorded. In the PSD triggered 
events, we considered those recorded with only one 
upper G-M counter (any one of the counters A, B, or C) 
and only one lower G-M counter (any one of the counters 
D,, «++, De) fired as predominantly caused by the 
passage of u-mesons. The number vs pulse-size distri- 
butions in both plastic scintillators PS; and PS» for 
these events were obtained. They are expected to show 
a distribution which is the superposition of Landau 
distributions corresponding to various path lengths of 
minimum ionizing particles in either scintillator in the 
geometrical arrangement adopted in the present experi- 
ments. As typical examples the distribution histograms 
for both scintillators PS; and PS, in experiments of 
Series 1 with coincidence PS2,D are shown in Fig. 3A. 
As expected the width of the distribution is wider than 





ENERGY SPECTRA OF 
that normally observed,'®:"! because of the compara- 
tively large effective solid angle in the present arrange- 
ment, which was adopted in order to be able to test 
this new method of shower measurement with reason- 
ably good statistical accuracy. 

In the PS,DD triggered events those with only one 
upper G-M counter fired are considered as predomi- 
nantly caused by electrons, and those with no upper 
G-M counter fired, as mostly caused by photons. In 
about 80 percent of these latter events, no trace was 
registered by the upper scintillator. This was expected 
from the geometry. Corrections have been made to 
allow for the finite wall thickness of the upper G-M 
counters and spurious effects due to the geometrical 
arrangement of the counters. As a typical example, the 
number vs pulse-size distribution of photon-produced 
showers in the lower scintillator (?.S2) in the experi- 
ments of Series 1 is shown in Fig. 3B. 

To obtain the energy spectra we proceed in the 
following way: (a) A smooth curve assumed to represent 
the pulse-size distribution due to a single minimum 
ionizing particle is fitted to the histogram represented 
by the solid line of Fig. 3A. (b) A combination of 
various curves derived from it corresponding to different 
numbers of particles is fitted to a smooth curve drawn 
through the histogram of Fig. 3B. This enables one to 
obtain a curve corresponding to the frequency vs shower 
size (in number of electrons) for showers initiated by 
photons in experiments of Series 1. Procedures (a) and 
(b) are repeated to analyze the data of Series 2, and 
also the data of electron-initiated showers in both 
series. To express the shower size in terms of the energy 
of the primary which initiated the shower, we make 
use of the results of existing shower theories.'*~'® The 
theoretical calculations yield the known relationship 
between the size of the shower (in number of electrons) 
and the energy of the photon or electron producing it 
as shown in Fig. 4 for the particular thickness of lead 
(4.4 radiation lengths) used. From Fig. 4 and the 
frequency vs shower size curves obtained by procedure 
(b) we obtain the energy spectra of the photons and 
electrons initiating the showers. The resulting differ- 
ential energy distributions are shown in Fig. 5 and 
Fig. 6. The ordinates of the two distributions from the 
two series of experiments have been normalized for 
comparison. 

The curve of Fig. 5 yields for photons in the energy 
range of 0.3-2.0 Bev, a differential energy distribution 
which can be represented by a power law of the form 
E-*, with s=2.71+0.13. The good agreement shown in 
Fig. 5 demonstrates that the experiments of Series 1 


10 T, Bowen and F. X. Roser, Phys. Rev. $5, 992 (1952). 

"A, Hudson and R. Hofstadter, Phys. Rev. 88, 589 (1952). 

#20. Janossy and H. Messel, Proc. Roy. Irish Acad. A54, 217 
(1951). 

13H, S. Snyder, Phys. Rev. 53, 960 (1938). 

‘4B. Rossi and K. Greisen, Revs. Modern Phys. 13, 240 (1941) 

'®R. R. Wilson, Phys. Rev. 86, 261 (1952). 

‘6H. Messel and R. B. Potts, Phys. Rev. 86, 847 (1952). 
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Fic. 5. Differential energy spectrum of cosmic-ray photon at 
Chicago (600 ft above sea level and 51° N geomag. lat). 


and Series 2 led to essentially the same results in the 
energy range of 0.3-2.0 Bev. This indicates that the 
difference in geometry in the two series of experiments 
did not have a strong effect on the energy distribution 
of photons in this energy range. 

For the energy distribution of electrons of the same 
energy range of 0.3-2.0 Bev (Fig. 6), a power law E~* 
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Fic. 6. Differential energy spectrum of cosmic-ray 
electrons at Chicago, 
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holds with s= 2.81+-0.13, which is, within experimental 
errors, almost the same as that for the photons. It was 
also found that in the experiment of Series 1 (with 
shielding S in position) photon- and electron-initiated 
showers occur at the same absolute rate within 10 
percent at energies 0.3-2.0 Bev. In Series 2, there were 
about 30 percent more photon-initiated than electron- 
initiated showers observed. This is probably essentially 
because the side counters E excluded electrons with 
good efficiency, whereas photons from the sides were 
registered by the apparatus. 

The interpretation of the results at energies lower 
than 0.2 Bev is complicated because the arrangement 
used was not very sensitive in this region. A more 
elaborate apparatus is now being constructed with the 
purpose of carrying out energy measurements of high 
energy photons and electrons with increased precision. 
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III. CONCLUSION 


The results of this work show that a suitable scintilla- 
tion counter arrangement making use of large plastic 
scintillators provides a new method of measuring the 
energies of high energy photons or electrons, or the 
energy distribution of a spectrum of high energy photons 
or electrons with satisfactory precision. The energy 
spectra of cosmic-ray photons and electrons at ground 
level obtained by this method are not inconsistent with 
previous results obtained by others.'~° 

The author wishes to express his hearty thanks to 
Professor Marcel Schein for many valuable discussions 
and for the privilege of working in the Cosmic Ray 
Laboratory at Chicago. He also thanks Mr. T. Bowen 
for numerous constructive discussions and for his valu- 
able cooperation. 


90, NUMBER 3 MAY 1, 1953 


On the Damping of Virtual Nucleon-Pair Formation in Pseudoscalar Meson Theory* 


K. A. BruecKNER, /ndiana University, Bloomington, Indiana 


AND 


M. Gett-MANN AND M. GOLDBERGER, University of Chicago, Chicago, Illinois, 
(Received January 15, 1953) 


The modifications of the propagation characteristics of a nucleon which result from the presence of a 
strongly coupled mesonic self-field are estimated from the consideration of a simple subset of radiative 
corrections to the nucleon propagation function, It is found that reactive effects markedly inhibit nucleon 
pair formation so that the contributions from the pseudoscalar coupling term which do not involve nucleon 
pairs are strongly enhanced relative to those involving pair formation. In addition, the meson pair coupling 
term, which results from nonrelativistic approximations to the relativistic linear coupling term and is 
intimately connected with nucleon pair formation, is strongly damped. The relation of this result to the 


nonrelativistic theory of Wentzel is discussed. 


NE of the most characteristic features of pseudo- 
scalar meson theory with pseudoscalar coupling 

is the large value of the matrix elements of the interac- 
tion for processes in which a nucleon pair is produced. 
This effect is usually stated qualitatively by noting 
that the operator ys has matrix elements of the order 
of v/c (v the nucleon velocity) for processes in which no 
nucleon pairs are produced but of the order of unity 
for nucleon pair production. The consequences of this 
effect are well known for a number of important 
phenomena, particularly (1) meson-nucleon scattering, 
where the contribution to the scattering involving 
nucleon pair production in the intermediate states gives 
rise in the weak coupling limit to very large s wave 
scattering,’ and (2) nuclear forces where the fourth- 
order potential? arises almost entirely from nucleon 
pair formation in the intermediate states. 

* This work was supported in part by a grant from the National 
Science Foundation 

1 Ashkin, Simon, and Marshak, Progr. Theoret 
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H. A. Bethe, Phys. Rev. 76, 191 (1949); M. Lévy, Phys. Rev. 86, 
806 (1952); J. V. Lepore, Phys. Rev. 88, 750 (1952). 
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A convenient method which exhibits these features 
of the theory is that given by the transformations of 
Dyson’ and of Foldy,‘ which show that the pseudoscalar 
coupling term 


H p= ighystal Ga (1) 


may be transformed into an expression nonlinear in the 
meson field variables, which in the nonrelativistic 
limit has as leading terms in g, 


(g/2M)a-¥(r- ¢)p(r)+(g’/2M) ¢’p(r), (2) 


where p(r) is the nucleon source density. The first term 
is the usual pseudovector coupling term; the second is 
a meson pair coupling which is very closely associated 
with nucleon pair formation, arising as it does from 
the pairing of two pseudoscalar interaction terms H,, 
in which the two pairs of nucleon operators create or 
annihilate a nucleon pair with the result that the native 
elements of the two ys operators are of the order of 
unity. This meson-pair term gives rise to large s wave 


J. Dyson, Phys. Rev. 73, 929 (1948). 
L. Foldy, Phys. Rev. 84, 168 (1951). 
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meson scattering (in Born approximation) and to the 
dominant fourth-order potential in nuclear forces. 

It has been shown by Wentzel® that if only the pair 
term is considered, exact solutions can be obtained to 
both the meson-nucleon scattering and the nuclear force 
problems (at distances much greater than the cut-off 
radius introduced to make the theory finite). These 
results are closely related to the perturbation theory 
results except that the coupling parameter g’ is replaced 
by 

el 1+(e2/42)A/M }", (3) 


where A is a cut-off momentum characteristic of the 
nonrelativistic theory considered by Wentzel.® Since 
it is expected in this theory that 4 will be approximately 
equal to M, and, in addition, since g’/4m is known 
from experiment to be of the order of 10 to 40, it is 
apparent that both the meson scattering and the fourth- 
order nuclear potential (both proportional to g*) will be 
depressed by at least two orders of magnitude relative 
to the perturbation result. This result is somewhat 
difficult to interpret in terms of the original relativistic 
theory, since itis apparent thatan undetermined amount 
of renormalization effects are included in the non- 
relativistic theory of Wentzel. 

If, however, we return to the original untransformed 
form of the relativistic theory, we can easily show that 
Wentzel’s result is essentially correct, even if renormal- 
ization effects are properly taken into account. We 
consider specifically the radiative corrections (see Fig. 1) 
of a particularly simple sort to the S- function of 
Feynman (the nucleon propagation function). The 
higher order effects which arise from the repeated 
emission and reabsorption of a meson by the nucleon 
can equally well be considered to be the repeated 
scattering of a virtual meson by the nucleon. The 
largest contribution to this process comes from the 
repeated creation and annihilation of nucleon pairs at 
successive meson vertices; accordingly, the iteration of 
this particular type of diagram is very closely related 
to the iteration of the meson-pair term in the non- 
relativistic approximation to the coupling [ Eq. (2) ]. 

The correction of order g’? to the Sr function is [with 
Sr in momentum space equal to —i(P—iM)~! and 


P= Pe. 


9 


¢ 
—Spr(P,)— - f dtererSo(P.— be) 
(27)4 
X(+W) yer Se(P,). (4) 


The evaluation of this expression and the renormaliza- 
tion of mass and charge are easily done using the meth- 
ods of Dyson;’ the S¢ function corrected for the first- 


5G. Wentzel, Phys. Rev. 86, 802 (1952). 

6S. D. Drell and E. M. Henley [Phys. Rev. 88, 1053 (1952) ] 
have also noted that the higher order effects strongly depress the 
effective meson pair coupling. Their nonrelativistic treatment, 
however, does not properly treat the renormalization effects. 

7F. J. Dyson, Phys. Rev. 75, 1736 (1949). 
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Fic. 1. Radiative corrections to the Sp function. The subset 
to be considered consists of the iteration of this per correc- 
tion. The solid line represents a nucleon, the dashed line a meson. 
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order radiative effect is 


Sp( P,)[1— (3g2/162*) f(P,) , 


where 


1 
f(P,)= f dx 


o(P*) 
In—— 
¢(— M?) 
2M?x7(1—.x) 


o(—M?*) . 


(1—x)P+iM 
P—iM 


» (6) 


and 


o( P*) = (1— x) w+ 4M? x(1— x) P’. (7) 


The correction term f(P,) vanishes, if the nucleon 
4-momentum P, is that of a free particle, i.e., if P,.=iM, 
P?=—M?, this feature being the consequence of the 
renormalization. 

This result is easily extended to an interation of the 
simple series of radiative corrections we wish to con- 
sider ; the series obtained is 


Sp (P,)=Sr(P,) Y [(— 392/162") f(P,) ]” 


=Sp(P,)[14+ (3¢?/ 162") f(P,) J. (8) 


Some qualitative features of this correction factor are 
easily obtained. If the nucleon 4-momentum vector P, 
is close to that of a free particle, then /(?,) is small, 
being of the order of (P?+ M*)/M?*. For example, if a 
nonrelativistic approximation to the matrix elements 
of ys is used,® then pair production is absent and 
(P?+M*)/M? differs from zero only by terms of the 
order of AP?/M?, where AP? measures the degree to 
which the virtual nucleon is not propagating as a free 
particle. In a nuclear force problem, this will be of the 
order of the ratio of the potential strength to the 
nucleon rest mass and accordingly small if the two 
nucleon separation is such that the motion of the 
nucleons is nonrelativistic. We can therefore conclude 
that such corrections are small, if the motion of the 
nucleons (including virtual states) is predominantly 
nonrelativistic. In meson-nucleon scattering, if the 
intermediate states do not involve nucleon-pair pro- 
duction (as is typical of p wave scattering via the 
gradient interaction), the radiative effects will similarly 
be small. The absence of strong damping from radiative 
effects in such processes is closely related to the lack of 
violent alterations of the self-field of the nucleon when 
only small momentum changes in its motion occur. The 

‘This approximation leads to the replacement of ys by 


s0-AP/M, where AP is the momentum transfer to the meson at 
the vertex, i.e., the change in the nucleon momentum. 
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effects of the renormalization are clearly evident here 
since the strong damping effects would otherwise occur 
even if the virtual nucleons were nonrelativistic and 
no pairs were formed; i.e., the nonrelativistic gradient- 
type coupling would also be strongly damped. 

The true relativistic features of pseudoscalar theory 
are, however, affected in a qualitatively different 
manner. If the propagation function Sp’(P,) appears 
between two meson vertices, then since the matrix 
elements of ys are large for pair annihilation and 
creation at the vertices, the 4-momentum P, which 
appears in the S,’ function is predominantly that of 
the antinucleon. For a simple double vertex the 
matrix element is 


vr eyoSr'(Py)T ery. (9) 
From the anticommutation of ys with y,, it follows 
that this expression can also be written as 
: 3g” 
eyr- oy Sr( PT ors 1 + 


i 


167° 


if we make use of Eq. (8) for Sp’. The change in sign 
of the 4-momentum P, in f(P,) radically changes the 
size of the correction terms; if we again consider 


nonrelativistic 4 momenta in the sense that P?~ — M?, 
then 


f(—P,)=1+0((P?+ M?*)/M?). 


Accordingly the radiative effects’ give approximately a 
simple correction to the coupling constant, i.e., Eq. 
(10) becomes 


g/(143¢¢/16m)Pr- pyeSr(P,)r- esp. (11) 


It must be emphasized that this very marked depression 
in the effective coupling results only if pair formation 
dominates the virtual nucleon states. 

The matrix element of Eq. (11) takes on a simple 
form if its nonrelativistic limit is taken; in this case 


P=iM, and 
(12) 


9 1 » 9 wf 
g? ‘(1+ 3g?/1627)—p(r), 
aA 


“ai 
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which is the pair coupling term resulting character- 
istically from the Dyson-Foldy transformations except 
for the decrease in the strength of the coupling. This 
depression in the meson pair coupling is of the same 
form as that found by Wentzel (except for a numerical 
factor); its effect is to reduce the effective strength of 
the pair coupling by roughly a factor of ten. 

The physical interpretation of this result is clear; the 


®M. Ruderman (University of California Radiation Laboratory 
Report UCRL report 1876, July 1, 1952) has evaluated the lowest 
order radiative correction to the fourth-order potential correspond- 
ing to acorrection to the Sp function and finds that the sixth-order 
potential is of the same magnitude as the fourth-order but is repul 
sive; this is in agreement with our conclusions if the correction 
term of Eq. (12) to the S- function is expanded and the lowest 
order term is kept. 
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nucleon pair production via the ys coupling leads to 
violent perturbations of the self-field of the nucleon; 
the different features of the fields of a nucleon and anti- 
nucleon lead (when the coupling is strong) to strong 
radiative effects which markedly inhibit nucleon-anti- 
nucleon transitions (or reversal of the direction of 
motion of the nucleon in time, in the Feynman sense). 
This “inertial” effect has also been noted by Hu!® in 
his considerations of pseudoscalar theory with pseudo- 
vector coupling; he found that radiative effects associ- 
ated with the nucleonic self-field of a meson inhibit the 
emission of high energy virtual mesons and, accordingly, 
remove the divergences of the theory which result from 
the derivative coupling. It would appear that similar 
“inertial” effects would be expected to appear in any 
strong coupling theory (strongly coupled because of a 
large coupling constant or because of a divergent 
interaction) to modify markedly the results of a 
straightforward perturbation expansion. 

The damping of the meson pair coupling (resulting 
from the damping of nucleon-pair production) will lead 
to the consequences already pointed out by Wentzel,® 
i.e., to rather weak s state meson scattering and to the 
elimination of that part of the fourth-order 
potential » ich arises from the meson pair terms. The 
contributions from the nonrelativistic part of the 
coupling, namely, the linear pseudovector coupling term 
(which is almost undamped for nonrelativistic nucleon 
velocities by the radiative corrections), will be accord- 
ingly strongly enhanced relative to the pair coupling 
and can, in fact, be expected to dominate mesonic 
phenomena at low energy. 

Similar results for the case of meson scattering by 
nucleons have already been found on the basis of a 
rather different argument by Chew"! and Dyson.” They 
found that the meson-pair term derived from pseudo- 
scalar theory was very strongly damped in the scat- 
tering problem when correctly treated, since it gives 
rise to a meson-nucleon potential of short range which 
is strongly repulsive and accordingly scatters rather 
weakly. This prediction is supported by experiment 
which shows relatively weak s wave scattering.” From 
the above analysis it is apparent that this feature of 
the theory results more generally from the damping 
caused by radiative reactive effects. 

In conclusion, we wish to remark that although the 
effects we have discussed arise from a_ particularly 
simple subset of higher order corrections to the Sp 
function, it seems probable that the qualitative feature 
which results, namely, the strong reactive effects of the 
strongly coupled self field, will persist in a more com- 
plete analysis of the theory. 

The author is indebted to Professor K. M. Watson 
for some valuable discussions. 
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An accurate numerical evaluation of the Z and energy dependent parts of the correction factors for 
allowed and forbidden beta-transitions has been carried out. The range of parameters considered is: 88 
values of Z (from 10 to 96 inclusive in steps of 2 and for positrons (Z<0) as well as electrons (Z>0)) ; 


33 values of p, the electron momentum, in me units (0.1< p< 25) for | Z| 


through 24 and 31 values of p 


(0.1< p< 15){for | Z| >24; four values of 7 (the electron momentum ($< j< 7/2). For each value of Z, p, andj 
the six wave-function combinations (L,, M,, N,, P,, Q,, Ry) needed for the general mixed beta-interaction 
are obtained. For the given range of j, analysis of beta-spectra can be carried out through third forbidden 
transitions. The results given here show that the theoretically allowed spectra should be modified by an 
energy-dependent factor. For not-too-low maximum energies, this modification in the shape of the allowed 
beta-spectrum may be observable with presently attainable precision 


NUMBER of recent developments in the investi- 

gation of beta-spectra has made it advisable to 
make provision for accurate analyses of the experi- 
mental results. First, the development of experimental 
techniques whereby very precise measurements of 
shapes of beta-spectra become available and, at the 
same time, the fact that certain forbidden spectra 
deviate only slightly from the allowed shape, makes it 
almost imperative that the calculated spectra be highly 
accurate. For allowed spectra the requisite numerical 
information has been provided by Feister! and others.” 
The second fact which emerges from recent work is 
simply that the determination of the nature of the 
beta-interaction will very likely depend, in part, on the 
analysis of forbidden unfavorable parity change transi- 
tions.’ The analysis of such spectra is, of course, greatly 
facilitated by the availability of the numerical results 
described below. Finally, there is now strong evidence 
that the beta-interaction is mixed (linear combination 
of invariants). Hence, analyses of beta-spectra should, 
in general, take into account the cross terms which 
arise.‘ In the numerical results discussed here these are 
included. 

As is well-known, the beta-spectrum is represented in 
terms of a correction factor. Following the customary 
definition,® the correction factor C,x is defined so that 
Cnx/Cox is the ratio of nth forbidden to allowed energy 
distributions. For pure interactions (Y =.S, V, 7, A, or P) 
the correction factors have been given by Greuling,® 
while for the cross terms arising from mixed _ inter- 
actions the corresponding factors have been given by 


* This paper is based on work performed for the U. S. Atomic 
Energy Commission at the Oak Ridge National Laboratory. 

1]. Feister, Phys. Rev. 78, 375 (1950). See also Tables for the 
Analysis of Beta Spectra, National Bureau of Standards, Applied 
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2 Dismuke, Rose, Perry, and Bell, Oak Ridge National Labora- 
tory Report No. 1222 (unpublished) 
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Radioactivity (1952), to appear in Physica 

. L. Pursey, Phil. Mag. 42, 1193 (1951); A. M. 
Phys. Rev. 82, 955 (1951). 

5. J. Konopinski and G. E. Uhlenbeck, Phys. Rev. 60, 308 
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Beta- and Gamma 


Smith, 


Pursey* and independently by Smith.‘ In each case these 
correction factors depend bilinearly on nuclear matrix 
elements and each matrix element product is multiplied 
by a sum of functions of the form 


Sn(p,8Z) = q?"** Ps nq E,(p, Z). (1) 


vent) 


Here ¢ and a,, are constants, g= Wo—W is the neutrino 
energy, and p the electron momentum. The £,(), Z) are 
essentially bilinear combinations of electron wave func- 
tions evaluated at the nuclear radius. Finally »=j—}, 
where j is the electron angular momentum. For pure 
interactions there are, for each v, three different com- 
binations which are denoted by L,, M,, and .V,, to use 
the customary notation.’ For mixed interactions three 
additional combinations occur: P,, Q,, and R, in 
Pursey’s notation.’ All these quantities are defined 
explicitly in the references given above. 

It is clear that by far the most convenient pro- 
cedure is to obtain numerical values for the various F, 
(L,, M,, V,, P,, Ov, R,) since these depend only on three 
parameters. From these it is a comparatively simple 
matter to obtain the requisite S,. Analytical expressions, 
obtained from the first term or two in the power series 
expansion of the radial wave functions have been given 
for the £,.4* The validity of this procedure rests on the 
fact that the electron (or positron) deBroglie wave- 
length is large compared to the nuclear radius.* Exami- 


6 The precise statement for the validity of the expansions re 
ferred to is pp<<1 (where p is the nuclear radius, in units 4/mc) 
but aZW/p is not large compared to unity. Here W=(p?+1)? is 
the electron energy. Even for p—»0 one cannot replace the con- 
fluent hypergeometric functions which occur in the radial wave 
functions [see M. E. Rose, Phys. Rev. 51, 484 (1937) ], by unity 
that is, by the first term in their series representation. In this 
limit the radial wave functions can be expressed in terms of Bessel 
functions (of irrational index) and argument 2(2a@Zp)*. For 
p™&j4aA' and aZ<1 this argument is small enough so that the 
Bessel functions can be replaced by the first term in their series 
expansion. This procedure corresponds to the expansions given by 
Greuling (reference 5) and Pursey (reference 4) for p—+0. In view 
of these remarks it is understandable that an accurate calculation 
will deviate considerably from the approximate ones not only for 
large p but if aZ is not small, for small p as well. This is borne out 
by the results for Lo, for example, see Fig. 1 below, where the ap- 
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Fic. 1, Lo, on a linear scale, versus the momentum p. The 
numbers attached to the curves designate the values of Z (>0 for 
electrons, <0 for positrons). When Lo is plotted versus energy W, 
the curves are very nearly, but not exactly, linear. 


nation of these approximate expressions has shown that 
they are fairly good (at least for y<3) in most practical 
cases. Usually an error of, at most, 2 percent is incurred, 
the error being determined simply by comparison with 
the accurate numerical results discussed below. How- 
ever, there are exceptional cases. For example, for 
positrons and small Z (Z7~10) the M,, for all v con- 
sidered, as given by the approximate expressions were 
totally unreliable for momenta in the range p29. In 
fact, for p210 the M, as calculated in this way turn 




















Fic. 2. Mo, on a logarithmic scale, versus p. The energy dependence 
of Mo, even for large Z, is evident. 


proximate expressions would give Lo= 4$[1+-(1—a*Z?)*] independ- 
ent of energy and independent of the sign of Z. A more appropri- 
ate designation of the effect considered here is to describe it as an 
effect of the nonvanishing nuclear radius. We have adopted the 
designation “finite wavelength effect” in order to avoid confusion 
with an entirely separate effect arising from the nonvanishing 
nuclear radius [see M. E. Rose and D. K. Holmes, Phys. Rev. 83, 
190 (1951) ]. 
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out to be negative, over a range of p, whereas these 
quantities are positive definite by definition. Another 
exception, in which the error is not so great but is 
nevertheless of special importance, is discussed below. 
This fact led us to the conclusion that the only safe 

way to obtain the required numerical results was to 
calculate the radial functions with an essentially exact 
procedure. The procedure involved the use of the series 
representation of the wave functions, which converges 
for all finite values of the argument. Representing the 
series by 

2 

LX (Ret, +ilmt,) 

n=) 
the terms of this series were computed up to a value 
n=N for which | Re ty|+|Imty| <2X10-7. We esti- 
mate the error in the confluent hypergeometric series 
to be of order 10~*. The work was carried out on the 
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Fic. 3. No, on a logarithmic scale, versus p. For Z<0, No is given 
and for Z>0, the ordinate is — Np. 


Whirlwind I, the general purpose digital computer at 
the Digital Computer Laboratory of Massachusetts 
Institute of Technology. 

The range of parameters for which the six EF, func- 
tions were computed was |Z|=10 to 96 in steps of 2; 
33 values of p from 0.1 to 25 for |Z| < 24 and 31 values 
from 0.1 to 15 for | Z| > 24, and finally y=0, 1, 2, and 3. 
The nuclear radius is taken to be }aA}, and the mass 
number 1 is chosen for each Z so that it represents an 
average of known electron or positron emitters. Space 
limitations prevent anything but a fragmentary presen- 
tation of the results here.” Figures 1-6, wherein the six 
functions are given for y=0 and four values of Z, show 
some of the results. We have here given results for 
p<9, but the tables extend beyond this point. 

It will be noted that in the beta-decay theory as it 

7 Tables of complete numerical results will be found in Rose, 
Perry, and Dismuke, Oak Ridge National Laboratory Report 
ORNL 1459 (unpublished). 
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has hitherto been used the correction factor for allowed 
transitions, which is Lo for any interaction or mixture, 
is given by Lyo=4${1+(1—a2Z)!] which is, of course, 
energy independent. (This also applies for first for- 
bidden transitions which have the allowed shape due to 
predominance of matrix elements fa, /ys.) However, 
as Fig. 1 shows Jo is not quite constant. Therefore 
some deviation from the usual theoretical allowed shape 
should be expected, the size of this deviation depending, 
of course, on the endpoint energy. 

To take an extreme case, for Z=70 and a maximum 
momentum of 9 the factor by which the spectrum 
should be multiplied changes by 15.5 percent of its 
zero momentum value over the range 0< p<9. For 
electron emission, the effect of the present correction is 
to increase the relative number of slow electrons, and 
for positron emission the effect goes in the opposite 
direction. This, as Fig. 1 shows, is valid for all allowed- 
shape transitions. The effect is somewhat reduced by the 














Fic. 4. Po, on a linear scale, as function of p. 


fact that one cannot measure the spectrum at low 
energies because of finite source thickness and backing. 
However, this is a trivial influence for thin sources for 
which one can measure down to about 150 kev or less 
and does not appreciably modify the above result for 
thicker sources. A more important limitation arises 
when the spectrum is complex and only the upper end 
of the spectrum can be seen. Thus, for the example 
cited above between p=5 and p=9 say, the over-all 
change is 8.4 percent of the low energy counting rate. 
Considering now the effect on the Kurie-Fermi plot, 
what one plots with the customary procedure is pro- 
portional to Lo!(W —W) rather than to Wo—W. Let 
us write [>=1—6 by normalizing 1» to unity at the 
lowest energy for which one can expect a straight 
Kurie-Fermi plot. That is, 6=0 at p= pmin. Also write 
G=L)'(Wo—W) and Go=Wo—W. Then we find that 
the maximum relative deviation (G—Go)/Go, between 
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Fic. 5. —Qo, on a logarithmic’scale, as function of p. 


the ordinary Kurie-Fermi plot (that is, the one based 
on the assumption Lo=constant) and the true one, 
with the Lo given here, is of order }6max. Hence in the 
above examples, the effect discussed here is of order 
4 percent when most of the spectrum can be measured 
and of order 2 percent when about half of the spectrum 
can be measured. Of course, for lower maximum energies 
and/or lower values of Z the effect decreases. 

At low energies there is the additional effect of 
screening to consider and it is noteworthy that the 
present correction is in the opposite direction to the 
screening correction for both electrons and positrons.® 
For low energies the screening correction varies more 
rapidly with energy than does the present correction. 
However, even after the screening correction is made, 
the experimental Kurie-Fermi plots show too many 
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Fic. 6. Ro, on a logarithmic scale, as function of p. The ordinate 
is —Ry for Z>0 and Rp for Z<0. 


® See, for example, J. R. Reitz, Phys. Rev. 77, 10 (1950). 
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slow electrons.’ The present effect is in the right direc- 
tion to explain part of this but the major part must 
still be attributed to source and backing-distortion. 
This is abundantly clear if we consider positrons where 
the finite wavelength effect depresses the number of 
slow positrons while the experiments show too many 
slow positrons even after screening corrections are 
made. Of course, for high energies the screening effects 
are much less important than those due to finite wave- 
length. 

From this discussion it appears that the present re- 
sults are not in disagreement with any known spectra 
which have been classified as allowed transitions (or as 
first forbidden with allowed shape). There are no 
known well-investigated cases of allowed shape spectra 
with large Z and reasonably high end point to provide a 
comparison of experiment and these calculations. How- 
ever, it is entirely reasonable to expect that the effects 
discussed here can be detected with present experi- 
mental technique and they would clearly be of decisive 
importance for the classification of transitions involving 
large Z and W5. 

Turning now to the case of favorable parity change 
transitions, that is, those with spin change equal to 


* For example, C. S. Wu and R. D. Albert, Phys. Rev. 75, 1107 


(1949). 
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n+1 (GT selection rules) the correction factor in these 
cases involves I. We have therefore examined the 
modification of the Kurie-Fermi plot for Y°°(Wo= 5.50) 
which corresponds to about as high a Z and Was is en- 
countered in this type of transition. Moreover, reason- 
able thin sources were used in the measurements of this 
spectrum. In this case the correction involved here pro- 
duces a linear plot over a somewhat greater energy 
range and does not change the conclusion that the 
transition is first forbidden. In the case of other known 
transitions with a unique matrix element similar con- 
clusions shoutd resuit. 

Finally, it is fairly evident that the approximation 
which has hitherto been inherent in the beta-decay 
theory could not have led to any appreciable falsifica- 
tion of the endpoint energies as determined by extrapo- 
lation of the “straight”? Kurie-Fermi plots. 

It is a pleasure to acknowledge the courtesy of 
J. W. Forrester, J. W. Carr, III, and C. W. Adams 
of the Digital Computer Laboratory, who author- 
ized and expedited the computations. We are also 
indebted to D. Combelic of the Digital Computer 
Laboratory and to members of the Mathematics Panel 
of the Oak Ridge National Laboratory for coding and 
checking the computations. 
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Modifications needed in order that low energy singlet scattering be described when a repulsive core is 
introduced in a phenomenological nucleon-nucleon interaction are investigated. It is found that if a square 
well is used to represent the attractive part of the interaction, a range of potential parameters allows a 
description of the data and also satisfies the charge independence hypothesis. When the Yukawa potential 
is investigated, the assumption of charge independence is more restrictive, and a single set of parameters 


is found. 


I. INTRODUCTION 


ASTROW' introduced a short range repulsive core 
/ intoa phenomenological nucleon-nucleon interaction 
in order to allow a charge independent description of 
high energy scattering experiments. At low energies, 
the theoretical interpretation of scattering experiments 
had indicated charge independence of nuclear forces 
at an early date? without a repulsive core in the assumed 
interaction. The question arises as to what modification 

* Assisted by the joint program of the U. S. Office of Naval 
Research and the U. S. Atomic Energy Commission. 

1R. Jastrow, Phys. Rev. 81, 165 (1951). 

2 Breit, Condon, and Present, Phys. Rev. 50, 825 (1936) 
(referred to as BCP); G. Breit and J. R. Stehn, Phys. Rev. 52, 
396 (1937). For other early evidence not depending exclusively 
on scattering, see G. Breit and E. Feenberg, Phys. Rev. 50, 850 
(1936) and references cited by them. 


of the phenomenological interaction used to describe 
low energy scattering is necessary when a core is 
introduced. It is the purpose of this note to report on 
an investigation of this point. 

The low energy singlet nucleon-nucleon scattering 
has been described by the / function of Breit, Condon 
and Present,’ where 

f=(Co’/n) cotKo—2 Inn+qo/n 
in the notation of BCP. The quantity Ko is the phase 
shift due to the specifically nuclear interaction. For 
the limit of the charge e going to zero, one has? 


lim( f/a)=k cotKo, 


e~0 


3G. Breit and M. H. Hull, Jr., Am. J. Phys. 21, 184 (1953). 
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where a is the nuclear Bohr radius and &? is proportional 
to the energy. The connection of this description with 
others current in the literature has been discussed in 
detail by Breit.‘ The function / can be expanded as a 
power series in the energy,‘ and the first two coeffi- 
cients of the series have been used in the interpretation 
of low energy scattering data.° 

In calculations of the phase shift, the supposition is 
made that the potential V(r) representing the speciti- 
cally nuclear interaction vanishes as r+ rapidly 
enough so that it may be neglected beyond a distance 
r=ro. The f function may be obtained in the general 
case, therefore, by going to the limit r>—>~ and taking 
the limit for the phase shift. As given by Breit and 
Bouricius® and Hatcher, Arfken, and Breit,® the first 
two coefficients in the energy expansion of f about E=0 
are equivalent, respectively, to the logarithmic deriva- 
tive of the zero-energy wave function of the system at ro, 
and the integral of the square of the zero-energy wave 
function from r=0 to fo. 

The present calculation is intended to exhibit the 
effect of the introduction of a hard core on the charge 
independence hypothesis (CIH). The discussion is 
facilitated by the employment of an auxiliary concept 
of the equivalence of potentials. Two potentials are 
said to be equivalent for a given type of scattering if 
they reproduce the values of the logarithmic derivative 
and of the “integral” at distances greater than the 


greatest distance at which a specific nuclear interaction 
takes place. This definition can be made for any energy ; 
in the present work, however, it is always meant to 


‘ 


apply to zero energy. Such potentials are ‘‘equivalent,” 
therefore, in their ability to describe low energy scat- 
tering. Since the primary object is to exhibit the effect 
of the core rather than to give a definite answer to the 
question of validity of the CIH, the comparisons have 
been made by supposing, in a somewhat idealized 
fashion, that the experimental data agree with the CIH 
exactly for a definite pair of the range and depth 
parameters of a potential well of specified shape. As a 
means of summarizing the data in this manner, some 
of the older fits®? were used. The introduction of the 
core requires a readjustment of the range and depth 
parameters in order to secure equivalence and _ this 
readjustment has to be made independently for the n-p 
and p-p potentials. A core of arbitrary radius may be 
expected to result, therefore, in the two adjustments 
for equivalence leading to different pairs of range and 
depth parameters. For an exceptional choice of the 
core radius, the two pairs might conceivably become 
equal. While the expectation expressed above is 
plausible on general grounds it does not give sufficient 


4G. Breit, Revs. Modern Phys. 23, 238 (1951). 

5G. Breit and W. G. Bouricius, Phys. Rev. 75, 1029 (1949) ; 
Hatcher, Arfken, and Breit, Phys. Rev. 75, 1389 (1949); G. 
Breit and R. D. Hatcher, Phys. Rev. 78, 110 (1950). 

* Breit, Thaxton, and Eisenbud, Phys. Rev. 55, 1018 (1939) 
(referred to as BTE). 

7 Hoisington, Share, and Breit, Phys. Rev. 56, 884 (1939). 
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TaBLe I. Square well parameters for n-p and p-p interactions 
with repulsive core under conditions of equivalence. 


p-p Interaction n-p Interaction 
Dp-p D¢y—p rm Da-p 


11.33 0 11.33 
14.27 0.0499 14.28 
18.46 0.1001 18.49 
24.07 0.1500 24.71 
34.46 0.2000 34.48 


ro ri 


10.50 
13.44 
17.62 
23.82 
33.00 


1.00 0 
0.9465 0.0505 
0.8935 0.1009 
0.8411 0.1510 
0.7890 0.2012 


weight to the practical possibilities of differentiation 
between nearly equivalent well parameter pairs. In 
point of fact, it is found that, for a square well, a 
charge independent interaction when readjusted for 
equivalence remains practically charge independent for 
all core radii in the range of values investigated. For an 
initially charge independent Yukawa interaction, an 
adjustment for equivalence called for by the introduc- 
tion of a core gives no charge independence for any 
reasonable core radius. In order to make it possible to 
have charge independence with a core it becomes 
necessary to suppose that experimental data correspond 
to interactions which for no core have relatively an 
effectively longer range for n-p scattering, as will be 
seen in more detail later. 

The core is assumed to be “hard,” as in Jastrow’s 
work ;' .e., for r less than the core radius, the potential 
is infinite. The wave function vanishes at the core 
radius, therefore, and is zero for r less than the core 


” 
’ 


radius. 
II. SQUARE WELL CALCULATIONS 


In this case, the distance ro at which the conditions 
of equivalence of interactions are applied is just the 
radius of the square well. The interaction without core 
was assumed to be that found in the work of BTE.® 
The exact values chosen are not of vital importance, 
since, as was pointed out in the introduction, an 
investigation of the effect of a core is the purpose of the 
work rather than a decision as to the validity of the 
CIH. In order to simplify the calculations, the Coulomb 
force was excluded from the attractive region of the p-p 
interaction. The effect of including it was then taken 
into account by means of the first-order perturbation 
formulas of BCP? and BTE.® In a sample case, the 
Schroedinger equation for the wave function, with the 
Coulomb potential included, was integrated numerically 
in order to check the accuracy of the perturbation 
calculation. Agreement between the results of the 
numerical integration and the perturbation calculation 
was within a half percent for the calculated well depth. 

The results of the square well calculation are given 
in Table I in terms of the following notation: ro is the 
square well radius in units of e/mce’, r; is the radius of 
the repulsive core in the same units, D is the square 
well depth in Mev, D¢* is the depth of the square well 
in the p-p case when the effect of the Coulomb potential 
is taken into account by means of the perturbation 
calculation. 
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Potentials with the parameters listed in Table I are 
equivalent, in the specific sense described in the intro- 
duction, to the potential without core represented by 
the parameters in the first row of the table. Comparison 
of the values of 7; for the n-p and p-p cases and of 
D,-» with D°,, fora given well radius ro shows that 
the charge independence of the interaction holds 
throughout the range of parameters investigated within 
the precision of the calculations. The result obtained 
qualitatively by Breit® that the sum of core and square 
well radii under the conditions of equivalence is equal 
to the well radius without core is found to hold very 
closely in these calculations. 

Note added in proof:—lf the standard p-p square well 
case is calculated with the Coulomb potential included 
for 0<r<ro, the values of the logarithmic derivative 
and integral which result differ slightly from those used 
in the calculations for Table I. The parameters yielding 
equivalence for the case with core are then modified 
as follows: the values of r, are unchanged within the 
precision of the calculation, while the values of D,_)* 
are 14.29, 18.51, 24.83, and 34.88 Mev for r9=0.947, 
(0.894, 0.841, 0.789 e/mc?, respectively. Comparison of 
these values with D,_,, Table I, shows a trend with 
decreasing ro similar to the behavior of C,-, and C,_», 
for decreasing a in the Yukawa case (see Tables II or 
III for a,=0.42 e?/me*), although the magnitudes of 
the relative differences are much smaller in the square 
well case, and the conclusion concerning “practical” 
charge independence is not changed. Limiting cases, 
when ro=n, were calculated for the square well inter- 
action with the results that ro>=r,=0.496 for the p-p 
interaction, and ro=r,= 0.494 for the n-p case. 
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Ill. YUKAWA WELL CALCULATIONS 

The wave functions for the Yukawa well were 
obtained by means of numerical integrations of the 
differential equations, with the Coulomb potential 
included from the beginning in the p-p case. In order 
to reduce the numerical work, the distance, ro at which 
the potential representing the nuclear interaction is 
assumed to become negligible was taken to be 3e?/mc? 
for the direct calculations. The effect of the tail of the 
Yukawa potential to 6e?/mc* was taken into account by 
means of the perturbation method for the logarithmic 
derivative given in BTE‘ [ Eqs. (9) et seq. of that paper ]. 
The potential beyond 6e?/mce* is not taken into account 
at all since it has no appreciable effect on the results.* 
As used here, the designation “Yukawa potential” 
signifies that much of the potential acting between r=0 
and whichever of the values of 79 is under consideration. 
The parameters for the interaction without core were 
those obtained by Hoisington, Share and Breit’ in an 
analysis of p-p singlet S scattering: C,=89.648mc? for 
the depth parameter and a,=0.42e?/mc? for the range. 
The notation of Hatcher, Arfken and Breit® is em- 
ployed, where the Yukawa interaction is represented 
by Ce /*/r/a. The p-p and n-p parameters were 
assumed to be the same without core for the initial 
calculations. When it was found that, unlike the square 
well case, the introduction of a repulsive core in addition 
to the Yukawa interaction destroyed charge independ- 
ence if it were assumed without core, a second n-p 
no core case was investigated. The parameters are 
2,=81.663mc? and a,=0.44e?/mc?. The quantity 
a,’@,=15.81 was held constant when the parameters 
for the interaction without core were varied. The effect 


TaBLE II, Yukawa well parameters for n-p and p-p interactions with core under conditions of equivalence® for ro=3e?/me*. 


pp interaction 
Ori 


a’ j ¢ a?@’ 


n-p interaction 
eC a?’ b’ ¢ 


0.44 
0.42 
0.32 
0,25 
0.22 
0.213 
0.21 
0.20 
0.195 


a’ 
0.44 
0.42 
0.32 
0.25 
0.22 
0.21 
0.20 


0 
0.0801 
0.150 
0.182 
0.191 
0.193 
0.205 


0 
0.0842 
0.157 
0.190 
0.201 
0.212 


89.648 
271.9 
826.7 

1522 
1793 
1913 


2477 


fP-p interaction 
OF 


89.648 
285 
861 
1585 
2004 
2605 


15.81 
27.84 
51.67 
73.64 
81.32 
84.38 
99.06 


a"?@’ 


15.81 
29.2 
53.8 
76.7 
88.4 
104 


0 
0.0716 
0.135 
0.167 
0.173 
0.177 
0.188 
0.191 


0 
0.0744 
0.139 
0.171 
0.181 


0.192 


89.648 
260.9 
773.2 


1385 
1618 
1734 
2204 
2480 


© 


89.648 


270 
792 
1441 
1787 
2269 


15.81 
26.72 
48.32 
67.05 
73.41 
76.45 
88.14 
94.25 


a? 


15.81 
27.6 
49.5 
69.8 
78.8 
90.8 


n-p interaction 


0.0866 
0.153 
0.184 
0.191 
0.195 
0.204 
0.210 


b’ 
0 


0.0926 
0.158 
0.190 
0.200 
0.211 


81.663 


285.0 

851.4 
1562 
1828 
1965 
2484 
2826 


TABLE III. Yukawa well parameters for interactions with core under conditions of equivalence* for ro=6e/me’. 


eC’ 
81.663 
207 
880 
1601 


2005 
2592 


15.81 
29.18 
53.21 


75.58 
82.94 


aC’ 
15.81 
30.4 
55.0 
77.5 
88.4 
104 


* As defined in the introduction and applied independently to ~-p and two n-p cases 


8G. Breit, Phys. Rev. 84, 1053 (1951). 
* Yovits, Smith, Hull, Bengston, and Breit, Phys. Rev. 85, 540 (1952). 
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on the n-p parameters with core of changing the n-p no 
core case was calculated by means of another application 
of the perturbation method of BTE.® The information 
obtained in this calculation allows n-p no core param- 
eters to be varied so that a charge independent po- 
tential with core can be found, as suggested in the 
introduction. 

Results of the calculations are given in Table II for 
ro=3e?/mc? and in Table III for ro=6e?/mc?. The 
procedure of making these approximations to r9= © is 
justified by the possibility of the limiting process 
discussed by Breit‘ and mentioned in Sec. I. The radius 
of the repulsive core is designated as ‘‘b” in the tables. 
The notation used is a’=a(mc?/é), b'=b(mc?/e), @’ 
= @/mc*. The parameters listed were determined under 
the conditions of equivalence as described in Sec. I. 

Values of a”@’ are included since these vary less 
rapidly than @’ itself and were actually used in deter- 
mining the parameters discussed below. Inspection of 
the tables shows that both with and without the 
inclusion of the tail of the Yukawa interaction between 
r=3e/mc and 6e/mce*, no single triplet of values of 
(a, C,b) allows the n-p and p-p interactions to be 
simultaneously equivalent to the no core case where 
C= 89.648mc?, a= 0.42e?/mc. When the n-p interaction 
parameters without core are changed to (a,’, C,’) 
= (0.44, 81.663) keeping a,”@,’=15.81 and keeping 
(a,’, @,’) = (0.42, 89.648) for the p-p case, adjustments 
for equivalence can then yield the same (a, 6) for n-p 
and p-p. The corresponding © differ, however, in 
general. Or else (a, C) can be made the same but with 
different 6 in the two cases. The results of graphical 
and numerical interpolations for these cases are given 
in Table IV. 

If linearity for small changes in the parameters is 
assumed, the triplet of values of parameters simultane- 
ously satisfying the conditions of equivalence and the 
hypothesis of charge independence of the interaction 
can be found from the tabulated values of Tables II, 
III. The n-p no core parameters are allowed to vary, 
subject to holding a,? C, constant. The sets of param- 
eters which result are given in Table V. 


IV. DISCUSSION OF RESULTS 


When a phenomenological nucleon-nucleon interac- 
tion with a repulsive core is required to be equivalent 
to an interaction without core which has been adjusted 
approximately to fit low energy scattering data, it 
appears that the range of the attractive part of the 
interaction is reduced and the strength is increased. 
This confirms the qualitative discussions of Jastrow! 
and especially of Breit.’ When the attractive part of 
the interaction is represented as a square well, it further 
appears that if the n-p and p-p interactions are the 
same without core, the charge independence may be 
maintained for any value of the core when the condi- 
tions of equivalence are satisfied. When the Yukawa 
potential is used for the attractive part of the inter- 
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TABLE IV. Values of (a’, 6’, @’) yielding equivalence when the 
no core interactions are (a,’, ©,’) = (0.44, 81.663) for the n-p case 
and (0.42, 89.648) for the p-p case. 


n-p interaction 


(0.200, 0.205, 2485) 


p-p interaction 


(0.200, 0.205, 2475) 
3e/me 

(0.199, 0.207, 2800) (0.199, 0.206, 2800) 
(0.214, 0.206, 1835) (0.214, 0.206, 1865) 
6e? / mc? 


(0.203, 0.208, 2160) (0.203, 0.207, 2160) 


TABLE V. Interaction parameters (a’, b’, C’) which are equivalent 
with and without core independently tor n-p and p-p cases. 


ro p-p interaction 


(0.42, 0, 89.648) 


n-p interaction 


(0.439, 0, 81.726) 
3e/me 


(0.201, 0.204, 2720) (0.201, 0.204, 2720) 


(0.42, 0, 89.648) (0.442, 0, 80.962) 


6e/me? 
(0.198, 0.225, 2840) 


(0.198, 0.225, 2840) 225, 2 
action, however, charge independence is destroyed by 
introduction of the core if it is assumed without core. 
If the p-p noncore parameters are fixed and the n-p 
noncore range allowed to vary with the strength fixed 
by requiring a,?°@,= 15.81, a set of four parameters a, 
b, @, and a, for the m-p noncore case can be found for 
which equivalence and charge independence are simul- 
taneously obtained with a core. A different set would 
result for different p-p standard parameters and a 
different value of a,@,, but in any case, the n-p “no 
core” range must be taken larger than the p-p “‘no core” 
range. A comparison of the recent discussions of low 
energy scattering by Yovits, Smith, Hull, Bengston, 
and Breit’ for the p-p case and Salpeter'® for the n-p 
case shows that a difference in the singlet ranges as 
determined from experimental data, with no core 
assumed, is possibly indicated. However, the experi- 
mental results seem to favor the n-p singlet range 
being shorter than the p-p range. 

It may be pointed out that the core radius which 
comes out of these calculations is of the order of that 
assumed by Jastrow,' and also is in the range of values 
of core radii assumed in recent calculations,'! where the 
core is used to represent relativistic effects or other 
uncalculated features of the pseudoscalar meson theory 
of the nucleon-nucleon interaction. The value of the 
core radius found here also is within the limit of 
0.28e?/mc? set by Austern® in a discussion of the 
100-Mev deuteron photoeffect. 

It is a pleasure for the authors to express their 
thanks to Professor G. Breit for suggesting the problem, 
and for discussions and suggestions throughout the 
course of the work. 

10 EF. Salpeter, Phys. Rev. $2, 60 (1951) 

1M. Lévy, Phys. Rev. 86, 806 (1952); 88, 725 (1952); J. V. 
Lepore, Phys. Rev. 87, 209 (1952); R. Jastrow, Phys. Rev. 87, 
209 (1952); Taketani, Machida, and O-Numa, Prog. Theoret 
Phys. 7, 45 (1952) 

#2 N. Austern, Phys. Rev. 88, 1207 (1952) 
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Quenching of Afterglow in Gaseous Discharge 
Plasmas by Low Power Microwaves* 


L. Gotpstgein, J. M. ANDERSON, AND G. L. CLARK 
Department of Electrical Engineering, University of Illinois, Urbana, Illinois 
(Received March 6, 1953) 


W have recently described! experimental results obtained 
in the course of a study of interaction of low power very 
high frequency electromagnetic waves (y~10" cps) simultane- 
ously propagated through gaseous discharge plasmas. The inter- 
action of these waves in the plasma is satisfactorily explained, in 
a first approximation, on the basis of a theory first proposed by 
Bailey and Martyn?* for the similar phenomenon of ionospheric 
cross modulation of low frequency electromagnetic waves. Ac- 
cording to this theory, absorption of the interfering waves in- 
creases the temperature of the electron gas above the equilibrium 
temperature in the appropriate region of the ionosphere and, in 
our case, in the plasma. This leads to a variation of the mean 
collision frequency of the electrons, as a result of which the trans- 
parency of the medium for these waves is modified. 

We have shown that cross modulation is detected even when 
microwave energy of the order of a few times kT (T~300°K and 
»= Boltzmann constant) is absorbed in the electron gas of the 
plasma from the “disturbing”! wave. It appeared reasonable to 
assume that phenomena associated with the gas of free electrons 
in a decaying plasma in thermal equilibrium, phenomena which 
exhibit (strong) dependence upon the excess temperature of the 
electron gas, should be affected by the absorption in that plasma 
of electromagnetic energy even of the order of kT. 

The purpose of this note is to report briefly the main experi- 
mental results which appear to demonstrate the expected effect 
on the intensity of the afterglow which is most likely to be associ- 
ated with the recombination of positive ions with electrons in 
decaying gaseous discharge plasmas. 

These experiments were carried out with helium, neon, argon, 
xenon, and a mixture of neon and argon gases in the pressure 
range of 0.1 to 20 mm of Hg. The results reported here, however, 
concern only neon, where the afterglow has been more conclusively 
ascribed’ to the result of the positive ion-electron recombination 
in the decaying plasma 

The experimental set-up comprised a gaseous discharge tube 
located in a square wave guide, 2.07 cm on a side. The discharge 
plasma, the length of which could be varied from 14 to 22 cm, was 
produced by 1- or 2-microsecond de voltage pulses. Microwave 
signals at two different frequencies (8600 and 9400 Mc/sec) were 
used simultaneously or separately. The 8600-Mc/sec signal was 
pulse modulated, The duration of these pulses was varied from 
2 to 35 microseconds. The maximum peak value of the input 
power available was 450 milliwatts, of which a certain fraction was 
absorbed in the decaying plasma. The energy absorbed in the 
plasma could be varied by attenuating the input power to any 
desired known value and also by appropriately positioning the 
microwave pulses in time with respect to the time at which the 
plasma excitation pulse has been removed. The afterglow light 
output was observed by means of phototubes. The photosensitive 
detectors were varied in position along the discharge tube but for 
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Fic. 1. Quenching by a microwave pulse of the afterglow in a decaying 
plasma established in neon at 20 mm of Hg pressure. The time scale is 
50 usec per division, a 35-usec pulse being introduced 125 wsec after a 2-ysec 
discharge excitation pulse. 


most experiments were placed to view the tapered end of the dis- 
charge tube through the termination for the microwave pulse 
(a distance of 50 cm from the tube). 

Figure 1 shows the amplified photocurrent displayed on an 
oscilloscope, resulting from the visible afterglow in the decaying 
neon discharge plasma at 20-mm Hg. 

Time scale is 50 microseconds per division and is read from left 
to right. A 35-microsecond duration microwave pulse (450 milli- 
watts peak) is introduced 125 usec after the cessation of the dis- 
charge excitation pulse. Downward deflection of the trace indi- 
cates higher intensity photocurrent output. It is seen that during 
the application of the microwave pulse the photocurrent output 
is decreased. Attempts were made to detect whether this decrease 
is due to a shift in the spectrum of the light emitted toward a 
spectral region where the phototube sensitivity is lower or if this 
is due to an actual decrease in the light intensity. Within the 
sensitivity of our photodetectors no shift has been observed. The 
decrease in the light intensity should most probably be ascribed 
to the reduction of the recombination rate during the application 
of the microwave signal. 

After the pulse the electrons tend to resume recombination at 
the rate existing immediately before the pulse, since at this pres- 
sure few are removed by diffusion. 

In Fig. 2 (upper trace) is shown the 10-ysec wide microwave 
pulse transmitted through the decaying gaseous discharge plasma 
in nenon at a pressure of 1 mm of Hg. The pulses are positioned 
at 100, 300, 500, and 800 usec after the removal of the plasma 
excitation dc pulse. The lower trace is the displayed photocurrent 
output produced by the decaying afterglow light intensity. It is 
seen that for each position of the pulsed microwave signal there 
The magnitude of this de 


The peak 


is a decrease in the photocurrent 


with the absorbed microwave power 


crease Varies 


Fic. 2. Quenching by a microwave pulse of the afterglow in a decaying 
plasma established in neon at l1-mm Hg pressure. The time scale is 100 
usec per division, a 10-ysec pulse being introduced at 100, 300, 500, and 
800 ywsec after a 2-ysec discharge excitation pulse 
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powers abscrbed in the plasma at 100, 300, 500, and 800 psec 
are 83.5, 12, 4, and 1.3 milliwatts, respectively 

At this low pressure in neon the return to the original trace 
after removal of the microwave signal is relatively slow, probably 
caused by the poor thermal contact between the electron gas and 
the gas of the plasma. Note that since the loss of electrons by 
diffusion is not negligible here as it was in the high pressure case 
(Fig. 1), the intensity of the recombination light does not return 
to the value it had before the beginning of the microwave pulse. 

It appears that the phenomenon here described will be appli 
cable to the study of electron-positive ion recombination processes 
which result directly or indirectly in light emission. In addition, 
the quenching of afterglow by absorption of low level microwave 
signals seems to be a valuable new method of detection of electro- 
magnetic energy. 

* Supported by Air Force Cambridge Research Center and Wright Air 
Development Center. 

1 Goldstein, Anderson, and Clark, Phys. Rev. 90, 151 (1953). 

?V. A. Bailey and D. F. Martyn, Phil. Mag. 18, 369 (1934). 

§M. A. Biondi and S. C. Brown, Phys. Rev. 76, 1697 (1949); Holt, 
Richardson, Howland, and McCline, Phys. Rev. 77, 239 (1950), 

4 RCA 931-A for the very near ultraviolet and the appropriate blue region 


of the visible portion of the spectrum and a 1P25 image converter for the 
red and near infrared portion of the spectrum. 


Superconducting Compounds of 
Nonsuperconducting Elements 
B. T. Matrutas 
Bell Telephone Laboratories, Murray Hill, New Jersey 
(Received March 17, 1953) 


HE superconducting molybdenum, tungsten, and bismuth 
compounds indicate that the metals Mo, W, and Bi them 
selves are on the borderline of being superconductors. 
Thus far the only superconducting compounds of definitely 
nonsuperconducting elements have been CuS! and CoSi,.2 As 
such they seemed to be in a rather unique position. 
The recent discovery of superconductivity in the (NiAs) and 
(MnP) crystal structures change this situation entirely. In the 
(NiAs) structure the following compounds of nonsuperconducting 
elements become superconducting : 
PdSb~1.5°K, 
PtSb~2.1°K, 
PtBi~w1.21°K, 
PdTe~2.3°K. 

In the (MnP) structure it is 
IrGe~4.7°K. 

PtBi cannot be considered a typical Bi compound, as PtBiz 
should and does not become superconducting. 

The underlying working hypothesis will be detailed in a later 
publication. 

1W. Meissner, Z. Physik 58, 570 (1930) 


2B. T. Matthias, Phys. Rev. 87, 380 (1952) 


+N. Alekseyevsky, J. Exptl. Theoret. Phys. (U.S.S.R.) 20, 863 (1950 


Reversal of Spontaneous Magnetization as a 
Function of Temperature in LiFeCr Spinels 


E. W. Gorrer AnpD J. A. ScHULKES 
Philips Research Laboratories, N. V. Philips Gloeilampenfabricken, 
Eindhoven, Netherlands 
(Received March 11, 1953) 


HE spontaneous magnetization of the ferromagnetic oxides 
having spinel structure! has been explained by Néel’s 
hypothesis? of ferrimagnetism, or noncompensated antiferro- 
magnetism. A preponderant exchange interaction” between the 
magnetic moments on tetrahedral (8a)* and octahedral (16d)* 
sites, respectively, results in antiparallel alignment of these 


THE EDITOR 


compensation 
temperature 


A 
— 





Fic. 1. A. Partial magnetization of tetrahedral sites vs temperature; 
B. partial magnetization of octahedral sites vs temperature; C. resulting 
spontaneous magnetization vs temperature. (After Néel, see reference 2.) 


moments, and the spontaneous magnetization is thus the differ 
ence between the (unequal) partial magnetizations on tetrahedral 
and octahedral sites, respectively. This assumption has been 
amply verified by measurements of the saturation magnetization 
of various ferrites.*~® 

The application of the neutron diffraction technique? has pro- 
vided direct evidence for the correctness of Néel’s hypothesis 

Néel pointed out? that the Weiss molecular fields for magnetic 
ions in the two crystallographic positions will be different because 
of the difference in numbers and spin orientations of the respec 
tive neighboring magnetic ions. Therefore, the curves giving the 
decrease of the two partial magnetizations with temperature will 
have different shapes. Thus Néel foresaw the possibility of the 
existence inter alia of a spontaneous magnetization that changes 
sign at a certain temperature (see Fig. 1). 

We have investigated the series of mixed crystal spinels 
Lio.s*Feg.5—a?*Cra2*O"" between a=0 and 2.0 and have found 
that this phenomenon occurs between a= 1.0 and 1.6. 

The saturation magnetization of Lio 5Fey.25Cri.2sO4 vs tempera 
ture is shown in Fig. 2, curve I. In order to ascertain whether 
indeed the spontaneous magnetization changes sign, a rod of the 
material was saturated at a low temperature: the remanent mag- 
netization was then measured in the absence of a magnetic field 
(1 the earth’s field) as a function of temperature. Curve IT 


4 


| 
{ 
| 
| 
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Fic. 2. I. Saturation magnetization of Lio sFe1.2sCri.2O« vs tempera- 
ture. The points given are measured at 8000 Oe, Points measured at 6000 
and 4000 Oe show no greater deviations from the drawn curve; II. residual 
magnetization of a rod of this material (arbitrary scale); I1]. spontaneous 
magnetization. 
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shows that the remanent magnetization, and thus the spontaneous 
magnetization (curve IIT) is indeed reversed at about 38°C. 

When a rod of this material is magnetized and suspended 
torsion-free in a small magnetic field (<H,), the turning of the 
rod over an angle of 180° on heating or cooling through the com- 
pensation temperature provides an illuminating demonstration 
of the existence of ferrimagnetism. 

According to Néel’s theory? this phenomenon could occur for 
spinels containing only one type of magnetic ions (e.g., Fe**), 
when a certain relation (reference 1, p. 151) holds between the 
distribution of the magnetic iors among the tetrahedral and 
octahedral positions and the ratios between the tetr.-oct., tetr.- 
tetr. and oct.-oct. (indirect) exchange interactions. 

As these ratios are fixed by the angles Me-O-Me,® and the 
distances Me-O (Me= magnetic ion) according to unknown laws,!° 
it seems likely that for one type of magnetic ion only this relation 
can be fulfilled for a very narrow range of ionic distributions only. 

For a material containing two types of magnetic ions Me; and 
Mex there are, in addition, differences between the interactions 
Me-Me;, Me;x-Mex and Mey-Mex, so that here a corresponding 
relation may be more easily fulfilled. 

X-ray investigation of the above series of solid solutions" 
shows inter alia that with increasing Cr-content a an increasing 
proportion of Li ions occupies the tetrahedral position. This 
accounts for the fact that the low temperature saturation mag- 
netization of Lio sFey.2sCr:.2s04 is unequal to zero, which value 
should have been expected for an arrangement [Fe ]‘*[Lios 
Feo.osCri as }*O,. 

The magnetic investigation of the system Lio 5Fe2.5-aCraO, will 
be reported upon in the near future.” An interesting behavior of 
the g factor as a function of temperature was found by van 


Wieringen.¥ 
1P. P. Ewald and C. Hermann, Strukturberichte (Akademische Verlags- 


geselischaft, Leipzig, 1931), Vol. I, p. 350. 
2L. Néel, Ann. phys. 3, 137 (1948). 
4 International 7 ables for X-ray Crystallography (Kynoch Press, Birming- 
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4E. W. Gorter, Nature 165, 798 (1950); or Compt. rend. 230, 192 (1950). 


§L. Néel, Compt. rend. 230, 190, 375 (1950). 

*C. Guillaud et al., Compt. rend. 229, 1133 (1949); 230, 1256, 1458 
(1950) ; 232, 944 (1951). 

7Shull, Wollan, and Strauser, Phys. Rev. 81, 483 (1951). 

*For long-range order phenomena at the limiting compositions, see 
P. B. Braun, Nature 170, 1123 (1952) and reference 10. 

*P. W. Anderson, Phys. Rev. 79, 350 (1950); E. W. Gorter, J. phys. 
et radium 12, 237 (1951). 

10 R. S. Weiss, Ceramic Age 59, 35 (1952), suggests an empirical formula 
for this relationship, which cannot, however, easily be tested because of 
the large possible error in the experimental oxygen parameter values. 
Theoretical background is still lacking. 

1 P. B, Braun, Physica (to be published). 

12 &, W. Gorter and J. A. Schulkes, Physica (to be published). 

183. S. van Wieringen, Phys. Rev. 89, 488 (1953). 


Anomalous Behavior of the g Factor of LiFeCr 
Spinels as a Function of Temperature 
J. S. VAN WIERINGEN 


Philips Research Laboratories, N. V. Philips Gloeilampenfabrieken, 
Eindhoven, Netherlands 


(Received March 11, 1953) 


N the preceding letter’ ferromagnetic LiFeCr spinels are de- 

scribed with a curious o—7 curve. For a certain range of 
values of a in the mixed crystal series Lio.sFee.s_aCraO,, the mag- 
netization changes sign at a ‘‘compensation” temperature that 
depends on a. For Lio.sFe1.2sCri.2s01 (@= 1.25), this compensation 
temperature is situated at 38°C. We measured the ferromagnetic 
resonance absorption of polycrystalline samples of Lio.sFe1.2s 
Cr;.250,4 at 3.1-cm wavelength as a function of temperature. The 
samples were placed near the bottom of a TF111 resonant cavity. 
The cavity could be heated up by a filament or cooled down by a 
stream of cooled air. Two spheres of Lio.sFe1.2sCri.2804 of radii 
0.5 and 0.2 mm, respectively, gave the same temperature de- 
pendence of g. Near the compensation temperature strong varia- 
tions are found in the g factor (Fig. 1). 
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Fic. 1. g factor of LiosCrinsFei.2O«4 as a function of temperature. 


Dashed curve: approximate extrapolation making use of Kittel's g-factor 
formula (1). 


Between 263 and 337°K the resonance absorption was too 
weak to be observed. This is the temperature region where the 
magnetic moment is very small.! Hence the resonance peak may 
be expected to have a small height here. Its height is still further 
reduced, because the half-width increases in the same temperature 
region. 

The general behavior of the g vs T curve can be understood from 
Kittel’s formula? for the spectroscopic g factor 


a 2mce M pint M orvit 
é J spin ; 


g (1) 
Here Mopin and Moni¢ are the mean spin and orbital magnetic 
moments, respectively, and Jspin is the mean spin angular mo- 
mentum averaged over the two sublattices. The total magnetic 
moment, Mspin+Morvit, is shown in Fig. 2 of the preceding letter! 
It changes sign at 38°C; hence g should be zero there. From a 
comparison of Eq. (1) and Fig. 1 it follows that Jspin goes through 
zero at about 60°C, 

A sphere (radius 0.2 mm) of Lio.sFeCr:.;04 (a@=1.5) showed a 
similar resonance behavior. 

The author wishes to thank Mr. Gorter and Mr. Schulkes who 
supplied the samples and Mr. Beljers and Mr. Van der Kint for 
their assistance during the measurements. 

It is intended to publish a more detailed account in Physica. 


1E. W. Gorter and J. A. Schulkes, preceding letter, Phys. Rev. 89, 
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Semiconducting Intermetallic Compounds 
R. G. BRECKENRIDGE 
National Bureau of Standards, Washington, D. C. 
(Received March 19, 1953) 


HE development of solid state electronic devices has been 

handicapped by the very small number of semiconducting 
materials that have been found suitable for practical application 
in spite of extensive investigations of the properties of the ele- 
ments and of compounds of the elements of group six of the pe- 
riodic table. It seems, however, that the existence of a number of 
semiconductors with promising properties has been largely over- 
looked, namely, the semiconducting intermetallic compounds. It 
was pointed out by Mott and Jones! that intermetallic compounds 
with the fluorspar structure, such as Mg.Sn, should be char- 
acterized by an unusually low conductivity, since the number of 
available states within the first Brillouin zone is just equal to the 
number of available valence electrons. This unusually low con- 
ductivity was first observed experimentally by Kurnakov and 
Stephanov.? More recently the semiconducting nature of Mg:Sn 
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has been established by Robertson and Uhlig’ who investigated 
the conductivity and thermoelectric power of the material. 

A new series of such compounds is formed between the elements 
of the B subgroups of the third and fifth columns of the periodic 
table, such as InSb. These compounds crystallize in the zinc- 
blende structure with 4 molecules per unit cell.‘ The volume of the 
Brillouin zone determined by the [220] planes is 16/a*. Then, 
since the average atomic volume is a*/8, there are available 4 
electronic states per atom. The average number of valence elec- 
trons per atom in these compounds is 4; hence the materials 
would be expected to have low conductivities since the available 
states will just be filled. 

The electrical properties of InSb, GaSb, and AlSb prepared in 
a state of reasonably high purity have been investigated in detail, 
with results to be presented later. Briefly, however, it has been 
found that these materials are semiconductors with properties 
strikingly similar to the elementary semiconductors of the fourth 
column of the periodic table but characterized by high charge 
carrier mobilities. The value for the electron mobility in InSb at 
room temperature is about 2.1 10* cm?/volt sec. This value is 
in reasonable agreement with the value 2.5 10* cm?/volt sec 
recently reported by Welker® for InSb. Rather high mobility 
values are also found in the other compounds. The energy gap 
increases as the size of the unit cell decreases, as is also found for 
the elements of the fourth column, the smallest value, ca 0.40 ev, 
being found for InSb. 

It seems then that further investigation of other intermetallic 
compounds with filled zones should be very fruitful and may pro- 
duce a considerable number of useful materials. 

IN. F. Mott and H. Jones, Theory of Metals and Alloys (Clarendon 
Press, Oxford, 1936). 

2N. S. Kurnakov and N. J. Stephanov, Z. anorg. Chem. 46, 
(1905). 

*W. D. Robertson and H. H. 
Engrs. 180, 345 (1949). 

*V. M. Goldschmidt, Skrifter Norske Videnskaps-Akad. Oslo. I. 


Naturv. Kl. No. 2 (1926). 
SH. Welker, Z. Naturforsch. 7a, 744 (1952). 
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Observations of Dislocations in Lineage 
Boundaries in Germanium 
F, L. VoGer, W. G. PFANN, H. E. Corey, anp E. E. THomas 
Bell Telephone Laboratories, Murray Hill, New Jersey 
(Received March 19, 1953) 


URGERS! proposed a dislocation model for the boundary 

between two crystals differing in orientation by a small 
rotation @ about an axis in the boundary. It consisted of a set of 
edge dislocations, parallel to the axis, of regular separation D=b/@, 
where b is the appropriate lattice translation vector. While some 
supporting evidence for this model has been offered, chiefly in 
the form of observations on etch pits in sub-grain boundaries,?? 
a clear-cut correlation between D and @ has been lacking. We 
present here such a correlation, based on microscopic and x-ray 
studies of germanium single crystals. 

The boundaries studied were selected from nearly perfect 
crystals grown from seeded melts in a horizontal boat,‘ the growth 
direction being (100). They were revealed by etching in a mixture 
of 5 parts HNO;, 3 parts HF, 3 narts acetic acid, fy part Bro. 
They tended to lie in (110) planes parallel to the growth direction 
and to maintain their general shape in successive cross sections, 
sometimes for distances of 5 cm or more. Examination of the 
boundaries at high magnification showed them to consist of regu- 
larly spaced, overlapping conical pits, as in Fig. 1, when viewed 
in planes transverse to the growth direction and to be invisible 
in planes parallel to the growth direction. These observations 
suggested that the boundaries consisted of edge dislocations 
parallel to the growth direction. This possibility was investigated 
by measuring the orientation difference between regions on either 
side of the boundary. 
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F1G. 1. Optical micrograph of lineage boundary in germanium single crystal, 
viewed in face transverse to growth direction. Lighting oblique. 


To measure the orientation difference a boundary lying closely 
in a (110) plane was chosen and a cut was made exposing a (110) 
face normal to the boundary and parallel to the growth direction. 
A beam of copper Kq x-radiation was directed at the exposed 
face, and the intensity of the (220) reflection was measured with 
a Geiger tube. Curves of diffracted intensity versus angular posi- 
tion of the specimen were taken by rotating the specimen about 
the growth axis. Two curves were taken, one for each side of the 
boundary with the other side shielded from the x-rays, the dif- 
ference in angular positions of the diffraction peaks being the 
angle @ in the above equation. 


Pasir I, Calculated dislocation spacings and 
observed pit spacings. 


Orientation 
difference 
6 (sec) 


Dobs 
(cm) 


Deate 


Specimen 
’ (em) 


(5.3 +0.3) K10~¢ 
(1.3 +0.1) K10~¢ 
(0.99 +0.2) K10~¢ 


(4.7 +0.7) X1074 
(1.3 +0.1) K10~4 
(0.97 +0.2) K10~¢ 


17.5+42.5 
65.0 42.5 
85.042.5 


Good agreement was found between the separation Deate, ob- 
tained from measured @, and the separation between pits, Dots, 
measured microscopically, for three boundaries from different 
crystals, as shown in Table I. Since both boundaries lay very 
nearly in a (110) plane, b was taken as one-half the face diagonal 
of the germanium unit cell, or 4.0A, a value arrived at from con- 
sideration of the geometry of the dislocation array. 

Further information was obtained from x-ray diffraction photo- 
grams made by interposing a film between the specimen and the 


Fic. 2. X-ray diffraction photograms of specimen of Fig. 1 viewed in 
face parallel to growth direction and normal to lineage boundary, taken 
at positions differing by a rotation of 25 seconds about the growth axis. 
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Geiger tube, parallel to the face of the specimen. Such a photo- 
gram indicates the intensity of diffraction over the radiated area. 
A pair of such pictures taken at 25 seconds of arc apart with the 
entire face irradiated is shown in Fig. 2. These indicate that the 
specimen consists of two highly perfect lattices rotated from one 
another about the growth axis. The sharpness with which the two 
regions are delineated in the x-ray photograms is particularly 
striking, since no boundary was visible in this face on microscopic 
examination, a fact which is in keeping with the directional nature 
of the dislocations. 

The correlation of these observations and measurements with 
Burgers’ model is consistent with the assumption that these 
lineage boundaries consist of edge dislocations whose sites are 
indicated by the etch pits. 

The writers are indebted to W. L. Bond for the use of precision 
x-ray apparatus designed by him and to W. T. Read for helpful 
discussions. 

1J. M. Burgers, Proc. Phys. Soc. (London) $2, 23 (1940). 

?P. LaCombe, Report of Conference on Strength of Solids (The Physical 
Society, London, 1948). 


*W. T, Read and W. Shockley, Phys. Rev. 78, 275 (1950) 
«W. G. Pfann and K. M. Olsen, Phys. Rev. 89, 322 (1953) 


Electron Beam Interferometer* 
L. Marron, J. Arnot Simpson, AND J. A. SuDDETH 


National Bureau of Standards, Washington, D. C. 
(Received March 2, 1953) 


N an earlier paper! the view was advanced that an inier- 

ferometer operating with electron beams would be a useful 
instrument for many physical measurements. In the same paper 
reasons were given for concentrating on amplitude splitting 
(wide beam) type of instruments in preference to wave-front 
splitting (narrow beam) instruments, At the same time considera- 
tions were submitted for the use of electron diffraction on a 
lamellar single crystal as a beam splitting device. 

For practical purposes the three-crystal arrangement of that 
earlier paper was chosen, The resulting beam trajectories make 
the instrument somewhat analogous to a very skew Mach-Zehnder 
light interferometer. 

An instrument of this kind has been constructed consisting of 
three crystal mounts each of which can be rotated about the 
optical axis. This rotation is necessary for the orientation of 
crystals. The mount of the crystal, first in order of penetration 
of the electron beam, can also be translated along the axis to 
change the path difference. The fixed intercrystal distance is 3.48 


Fic. 1, Electron interference fringes superimposed on uneven crystal 
background. Total area shown-—-approximately 3uX4yu; average fringe 
spacing—1600A. 
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cm. The crystals used have been prepared by the process known 
as epitaxy, and details of the techniques used are given else- 
where.:3 Although several metallic crystals were tried, such as 
gold, silver, nickel, and copper, copper was used for the final 
tests. The crystals are approximately 100A thick and about 3 mm 
in diameter. The interferometer vacuum chamber containing the 
three crystal mounts has been mounted on a conventional mag- 
netic electron microscope replacing the object chamber of that 
instrument. In this manner the electron gun and condenser lens 
of the electron microscope serve as the necessary electron beam 
generating components, while the objective and projector lens 
of the instrument serve for viewing the interference fringes. 

In the course of aligning and testing this instrument, two types 
of difficulties were encountered. One is due to the peculiarities of 
using diffraction as a beam-splitting mechanism. To achieve more 
familiarity with those peculiarities, it was found desirable to study 
more in detail its light optical analog using diffraction grating 
replicas in transmission. With this model, it was found that 
interferometers using diffraction both for beam splitting and 
beam deflection belong to an almost forgotten class of inter- 
ferometers which are capable of forming a higher order fringe in a 
nonmonochromatic light.‘ This “achromatic” property is for- 
tunate in that it relieves the stringent necessity for stability of 


Fic. 2. Microphotometer tracing of some of the fringes shown in Fig. 1. 


power supplies over long exposures of the electron optical instru- 
ment. On the other hand, it has the disadvantage of limiting the 
application of the instrument to problems where the coherence 
properties of the source are of no interest. In other words, the 
instrument in its present form could not be used as an inter- 
ferometric spectrometer for the study of electron emitters, whereas 
it could be used for wavelength determinations or field gradient 
studies. For the study of coherence phenomena, different inter- 
ferometric arrangements would be necessary, the study of which 
is under way at present. 

The second type of difficulty encountered in the operation of 
the instrument is due to a very low intensity. This low intensity 
is due to the loss of beam involved in using only a small part of 
the total beam diffracted at each of the three crystals. The initial 
intensity is limited by the small apertures of the objective lens 
and by the thermal destruction of the crystal and of the 50-u 
mesh upon which the crystal is mounted. At the maximum beam 
intensity the electron optical parts could be operated to give a 
direct electron optical magnification of about 700 diameters. The 
resolving power of the instrument under these conditions is limited 
both by the electron optical system and by the grain of the photo- 
plate to fringe spacings of the order of 1000A. 

Figure 1 shows the appearance of a set of interference fringes 
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superimposed upon the much larger scale dark-field crystal pattern 
of the third crystal. Figure 2 shows a microdensitometer tracing 
of some of the fringes. To convince ourselves that these fringes 
were interference fringes due to the geometry of the instrument, 
this geometry has been slightly changed and the fringe behavior 
as a function of the changes investigated. It was found that 
within certain limitations a rotation of the third crystal by 24° 
produced an 8° relative rotation of the fringes. The rotation of the 
fringes has been measured from a fixed directior. on the crystal 
itself so that no ambiguity exists between fringe rotation and 
crystal rotation. We carried out some experiments changing the 
intercrystal distance between the first and second crystal and 
found that the fringe spacing varied as a function of that distance, 
as was to be expected. 

The fringes to date are rather fugitive and hard to find, but it 
is believed that improved crystals will eliminate some of this 
difficulty. 

A complete record of these experiments will be published at a 
later date. 

* This investigation was conducted under a cooperative program of 
basic instrumentation research and development sponsored by the U. S. 
Office of Naval Research, the Air Research and Development Command, 
and the U. S. Atomic Energy Commission. 

1L. Marton, Phys. Rev. 85, 1057 (1952). 

20. G. Engel, J. Chem. Phys. 20, 1174 (1952). 

+O, G, Engel, J. Research Natl. Bur. Standards (to be published). 


4C. Barus, Carnegie Institution of Washington Publication No. 
Part I (1911), Part II (1912), Part III (1914). 
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Cyclotron Resonances, Magnetoresistance, and 
Brillouin Zones in Semiconductors 
W. SHOCKLEY 


Bell Telephone Laboratories, Murray Hill, New Jersey 
(Received March 10, 1953) 


NE of the basic problems in the band theory of solids is to 

determine the shapes of the energy surfaces in the Brillouin 
zone. A possible solution is furnished by cyclotron resonances at 
low temperatures (say 10°K) in weakly doped germanium: For 
this situation, (1) Maxwell statistics can be used, (2) the inter 
actions of the carriers are unimportant so that a description in 
terms of single carrier momenta in the Brillouin zone is good, 
and (3) the collision frequency v is so much less than w=27f for 
1.25-cm waves! that inertial effects dominate, and the dependence 
of vy upon position in the Brillouin zone is unimportant. 

Some typical situations in which resonance might be observed 
are illustrated in Fig. 1. The E’s and v’s vary as exp(iwt) so that 
the conductivity ngu is complex. The standard transverse and 
longitudinal magnetoresistance configurations are represented in 
(t) and (1), a combination of (¢) and the Hall effect in (tH), and 
circular polarization in (c). 

ui(w, H) =0,/Ez, (1) 
pu(w, W)=ck,/HE,. (2) 
pn(w, H) =2,/E,y=pilw, H){1+[H yaw, H)/cP}. (3) 

Some of the resonances may be illustrated by spherical energy 
surfaces with a single (relaxation) frequency v and wy=qH/m*c. 
We find that ws, wv, and wy; are independent of H: 

Me=hn =mi=q/{m*(v+iw)}, (4) 
wen =q(vt+iw)/{m*[(vy+iw)?+wn? }}, (5) 


pe=Qqlvt+i(tw+wr) |/{m*[(v+iw)?+wx? J). (6) 


The plus sign in yp. holds when the field rotation and cyclotron 
orbit have the same direction. If w>10v, as may be achieved in 
Ge at low temperatures, the resonance peaks observed at wy? 
=*—y* will be within 1 percent of that proper for m* alone. If v 
is a function of &, then the mobility expressions should be based 
on finding vz, v, as functions of E, and E, and averaging over the 
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E,=0 Vx, 
(tH) (c) 

Fic. 1, Some typical situations for observing cyclotron resonances: (¢), 
conventional transverse magnetoresistance configuration; (/), conven 
tional longitudinal magnetoresistance configuration; ((H), a transverse 
situation in which Hall effect contributes to resistance; (¢), circularly 
polarized electric field 


carriers with a weighting factor of &; for a constant mean free 
path, this will lead to the customary factors of 8/3, etc. and to 
a small magnetoresistance in w,. This averaging does not affect 
the conclusion that if w=wy, ue reduces to u,(0, 0) for the wave 
rotating in the cyclotron direction. 

Herman’s calculations* suggest that the energy surface for the 
conduction band in Ge consists of six ellipsoids of revolution lying 
on [100] directions with a longitudinal mass m,; and transverse 
mass m2. The valence band is probably triply degenerate with 
surfaces of three sheets of nonellipsoidal shapes.’ For these sheets 
we can define “tubes,”’ each having its characteristic mass mq and 
corresponding cyclotron frequency.‘ 

For an ellipsoidal energy surface given by 


&=(P,2/2m,)+(P,2/2m,) +(P2/2m,) (7) 


and a magnetic field with direction cosines a, 8, \, the effective 
cyclotron mass is 


m* =[m,m,m,/(mzo?+m,8? +m") } (8) 


Separate resonances should be observed for each different orienta- 
tion of ellipsoid to H. Thus, for H parallel to [100] for the six 
ellipsoids, m* will equal (mm,)+ four times and m, twice; there 
will be no longitudinal resonance. For H parallel to [111], m* 
= m.{ 3m,/(m,+2mz) }* six times, and for (1) we find 


wr= (2m, +me)[ (y+ tw)? +-w4?9mym2/ (2m, + m2) (m,+2m2) | 


+ 3m,m,(v+iw)[(v+iw)*+wrn?]. (9) 


Similar, but generally more complex, expressions apply to other 
cases 

Evidently, if the surfaces are ellipsoids, the determination of the 
resonance field for several conditions will give a unique deter 
mination of the mass parameters and hence of the energy surface 
shapes. 

For the triply degenerate surface, a distribution of masses 
from zero (at the conical] contact of the outer surfaces) to infinity 
will be present. If the inner surface is nearly spherical, a strong 
isolated resonance will occur. For this and the doubly degenerate 
case, it appears likely that the predicted resonance behavior will 
require difficult numerical calculations. However, it also appears 
probable that a numerical fit based on the three parameters? will 
be unique. 

I am indebted to J. K. Galt, C. Herring, H. Suhl, and R. F 
Wick for several stimulating discussions 


w/v=0.2 at 160°K have been re 


1 Marked electron inertia effects with 
Benedict and W. Shockley, 


ported for electrons in germanium by T. S 
Phys. Rev. 89, 1152 (1953). 
2F. Herman, Phys. Rev. 88, 
Phys. Rev. 89. 518 (1953) 
*W. Shockley, Phys. Rev. 78, 173 
4W. Shockley, Phys. Rev. 79, 191 
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Magnetic Saturation and Apparent Molecular 
Fields of McCl,-4H,O 


WARREN E. HENRY 
Naval Research Laboratory, Washington, D.C. 
(Received March 17, 1953) 


REVIOUS measurements! of magnetic moments of sub- 

stances with small interionic interactions have demonstrated 
the applicability of the}free spin Brillouin function up to over 
99.5 percent saturation. Experimental investigation in the helium 
range of copper sulfate pentahydrate? above and copper chloride 
dihydrate below the Néel (antiferromagnetic transition*) tempera- 
ture has shown nonsuperposition of the magnetic moment iso- 
therms with M plotted against H/T. The departure of the mo- 
ment from a Brillouin function (using the applied field,‘ Ho, in 
the argument of the function) has been attributed to molecular 
fields® seen by the paramagnetic ion. The purpose of this investi- 
gation is to measure approximately such molecular fields. Sub- 
stances, such as CuSO,:5H,0, with Néel temperatures below 
1°K are difficult to investigate because of the determination and 
maintenance of the temperature; on the other hand, high Néel 
temperatures imply molecular fields which may be large compared 
with the available applied fields, i.e., 

BH m= kT Ny, (1) 
where y» is the atomic moment in Bohr magnetons, H, is the 
molecular field, & is the Boltzmann constant, and Ty is the Néel 
temperature. 

Manganous chloride tetrahydrate was chosen because the 
Néel temperature as determined by specific heat measurements® 
is 1.6°K in zero magnetic field. The apparatus for measurement 
of moments is the same as used in previous studies.! A sphere of 
small crystals was studied. The results are shown in Fig. 1. It is 
seen that practical saturation is achieved for 58000 gauss and 
1.3°K, as indicated by the nearly vanishing slope. From the point 
representing the saturation moment, one may now construct a 
Brillouin function. The approximate molecular field is obtained as 
follows. An arbitrary test point is chosen on either of the five 
magnetic moment isotherms. From this arbitrary point, one 
follows a constant moment line to the Brillouin function where 
the value of 11/T is read. The value obtained by multiplying this 
value of H/T by the temperature corresponding to the isotherm 
chosen is taken as the effective field Hee. Employing this method, 
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Fic. 1. A plot of relative magnetic moment (Mr) vs H/T for manganous 


chloride tetrahydrate for various temperatures. The broken line is a 
Brillouin function fitted at saturation 
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one finds that the ratio between the apparent molecular field 
contribution (Ho— He) and the magnetic moment is a constant 
for all 7 to within +10 percent over a wide range, corresponding 
to quadrupling H/T. Using this ratio and extrapolating the 
apparent molecular field contribution to saturation, one obtains 
~14 000 gauss as the apparent molecular field, in rough agree- 
ment with Eq. (1). 

With our results and neutron diffraction data such as obtained 
by Shull and Smart’ to determine the array of sublattices, it 
would be possible to use the modified Var. Vleck® method to 
calculate the antiferromagnetic exchange integral. However, if 
one assumes a simple model, where the molecular field is yMo, 
and if one takes 5 Bohr magnetons as the saturation moment 
(Mo) per ion, one can compute +. Now, from the Van Vleck® 
relation, 


y=2A/N 3°", (2) 


where WN is the number of ions per cm’, g(=2 for J=S) is the 
Landé factor, 8 is the Bohr magneton, and 2 is the number of 
nearest neighbors, one estimates energy density (2A) to be ~10° 
ergs/cm’, A/2 being the exchange integral. 

The interpretation of the results of this investigation, in which 
manganous chloride tetrahydrate is magnetized up to saturation, 
enables one to explain the dispersion in the magnetic moment iso- 
therms on the basis of the estimated molecular fields and suggests 
a means of calculating antiferromagnetic exchange integrals. A 
more detailed analysis will be presented later. 


1W. E. Henry, Phys. Rev. 88, 559 (1952). 

2W. E. Henry, Phys. Rev. 87, 1133 (1952); T. H. 
Giauque, J. Am. Chem. Soc. 74, 3513 (1952). 

§van den Handel, Gijsman, and Poulis, Physica 18, 862 (1952); W. E. 
Henry, Revs. Modern Phys. 25, 163 (1953); S. A. Friedberg, Physica 18, 
714 (1952). 

4 Gorter, de Haas, and van den Handel, Amsterdam Acad. Sci. 36, 158 
(1933). 

6 J. H. Van Vleck, J. Chem. Phys. 9, 85 (1941); L. Neel, Ann. phys. 17, 
64 (1932); 5, 256 (1936); F. Bitter, Phys. Rev. 54, 79 (1937). 

*S. A. Friedberg and J. D. Wasscher, Physica (to be published). 

C. G. Shull and J. S. Smart, Phys. Rev. 76, 1256 (1949). 

8 J. H. Van Vleck, J. phys. et radium 12, 282 (1951). 
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A Proposed Experiment to Detect the 
Free Neutrino* 


F. REINES AND C. L. Cowan, Jr. 


Los Alamos Scientific Laboratory, University of California, 
os Alamos, New Mexico 


(Received February 24, 1953) 


HE success of the neutrino hypothesis? in explaining the 

observed facts of beta-decay provides reasonably convinc- 
ing evidence for the existence of the neutrino. Nevertheless, the 
observation of an effect produced by a neutrino at a location other 
than its place of origin would be interesting because (1) any 
doubts as to its existence would be resolved, and (2) further in- 
formation as to its properties and place in the nature of things 
might be obtained. It is with these aims in mind that we have 
developed the following technique which we plan to apply to the 
problem of detecting the free neutrino. 

The neutrinos produced in the beta-decay of fission fragments* 
in a powerful chain reacting pile are to be allowed to pass through 
a large volume (10-ft) liquid scintillator. The protons in the 
scintillator have a cross section of about 10~“ cm? for conversion 
by the fission fragment neutrinos to neutrons with the emission 
of a positron. It seems feasible to obtain some tenths such events 
per minute in the detector. Loading the scintillator solution with 
boron or cadmium compounds and counting the neutron capture 
gamma-pulse in delayed coincidence with the positron and anni- 
hilation radiation pulse assists in an important way in the reduc- 
tion of background. Also necessary to the reduction of background 
in our experiment is the use of thick boron paraffin shielding, . 
massive composite lead-steel shields, and Geiger tube anticoinci- 
dence umbrellas, the latter to discriminate against double pulses 
arising from u-meson decay, stars, etc. 
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An essential feature of the experiment is the large scintillation 
detector required. As described in the following letter, such a 
detector has been developed which is energy sensitive and of good 
efficiency for the events in which we are interested. In this way 
it becomes possible to discriminate against background on an 
energy basis as well. By means of the foregoing techniques it 
appears possible to reduce the background to an acceptable 
figure. The required electronics have been developed. Our thanks 
and appreciation are due our colleagues: E. C. Anderson, L. J. 
Brown, F. B. Harrison, F. N. Hayes, C. W. Johnstone, R. L. 
Schuch, and Captain W. A. Walker for their whole-hearted 
cooperation in all phases of the work. 

* Work is being performed under the auspices of the U. S. Atomic Energy 
Commission. 

1W. Pauli, in Rapports du Septiéme Conseil de Physique Solvay, Brus- 
sels, 1933 (Gauthier-Villars, Paris, 19 -— 


2 E. Fermi, Z. Physik 88, 161 (1934 
7K. Way and E. Wigner, Phys. Res. 73, 1318 (1948). 


Large Liquid Scintillation Detectors* 


C. L. Cowan, Jr., F. Retnes, F. B. HARRISON, 


x <. ANDERSON, AND F. N. Hayes 


Los Alamos cae Laboratory, University of California, 
Los Alamos, New Mexico 


(Received February 24, 1953) 


HE technique outlined in the preceding letter for the detec- 

tion of the free neutrino demands a detector having the 

following properties: (1) the provision of a large number of target 

protons in the sensitive volume; (2) a good efficiency for the count- 

ing of beta-particles, gamma-rays, and neutrons; (3) fair energy 

resolution; and (4) a controlled short mean detection (capture) 
time for the neutrons produced in the neutrino capture. 

These requirements have been met in the design of a liquid 
scintillation counter in the shape of a cylinder containing 10.7 
cubic feet of solution. A pilot model containing 2 cubic feet of 
solution was first constructed of brass, followed by the building 
of two full-scale counters of stainless steel and cold-rolled steel, 
respectively. The tanks were baked after fabrication to remove 
absorbed oils which would poison the solutions. The inside sur- 
faces are coated with white Tygon paint. 

Three filling solutions were developed : 


(1) Toluene containing terphenyl, 2-(1-naphthyl)-5-phenyl- 
oxazole (aNPO), and methyl borate (or cadmium pro- 
pionate in methanol). 

(2) Triethylbenzene containing 2,5-diphenyloxazole, aN PO and 
methy] borate. 

(3) Selected pure mineral oil containing 2,5-diphenyloxazole, 
aNPO, and methy! borate. 


These solutions provide proton densities ranging from 4.6X 10” 
to 7.210" per cubic centimeter. Control of boron or cadmium 
content permits selected mean neutron capture times down to 
about 5 microseconds. The capture times were computed by a 
Monte Carlo calculation using the Los Alamos MANIAC for a 
range of primary neutron energies and several cadmium con- 
centrations. The results were checked experimentally with the 
detector in a preliminary manner by using spontaneous fission 
pulses in delayed coincidence with the neutrons emitted in such 
fissions. The optical absorption of the solutions for the scintilla- 
tion light was reduced by purification and by use of aNPO as a 
scintillation spectrum shifter. The minimum absorption length 
accepted was several meters. 

Scintillations in the solutions are detected by photomultiplier 
tubes spaced uniformly around the cylinder walls. Thirty-two 
tubes are employed in the pilot model and ninety in each full-scale 
counter. The tubes are balanced for uniform gain by means of 
their voltage dividers and are connected in parallel in one or more 
banks as needed. Linear pulse amplifiers, pulse-height analyzers, 
delayed coincidence analyzers and scalers comprise the associ- 
ated electronic equipment. 
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Fic. 1. Pulse-height distribution due to 0.41-Mev y-rays from Au!"* as 
a function of source position in the large detector. The source was on the 
axis of the cylinder, and the number on each curve indicates the distance 
in inches above the center. One-volt pulse-height channel widths were used. 





Appropriate pipe connections, pumping systems, and reservoirs 
have been provided for filling the counters. Automatic float- 
switch systems control the liquid levels, and electronic vapor 
detectors guard against dangerous spills resulting from leaks and 
tube breakage. A nitrogen atmosphere is maintained over the 
solutions to retard hydrolysis and exclude air-borne radioactive 
contaminants. 

The performance of these counters has been investigated by 
analyzing their output pulse rate and pulse-height spectrum with 
alpha-, beta-, and gamma-sources immersed at various points 
throughout their volumes and by using external neutron sources. 
Their response was found to be rather insensitive to source posi- 
tion (see Fig. 1), and their uniformity was considerably better in 
the full-scale counter than in the pilot model. It was found that 
the efficiency for counting 0.5-Mev gamma-radiation is about 75 
percent. Figure 2 is a plot of data obtained with an external 
neutron source, a 6-inch thick lead shield around the detector, 
and with no cadmium or boron in the solution. The p(n, y)d peak 
is well resolved from the recoil proton background and that aris- 
ing from capture gammas in the lead shield. 

The performance of the system for delayed coincidence counting 
was tested by measuring the decay time of the cosmic ray p- 
mesons stopping in the scintillator. Delayed coincidences falling 
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Fic. 2. Pulse-height distribution of scintillations in the large detector 
from an external neutron source. Pulses resulting from recoil protons aad 
the gamma-rays from the capture of neutrons in the shield account for the 
rising portion on the left. The peak indicated is due to pulses from the 
gamma-rays from the reaction n+H!-+H?+- in the solution. The pulse- 
height scale is different from that in Fig. 1. 
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in the proper energy channels were measured with and without 
GM counter umbrella in anticoincidence. 

The results showed an exponential time distribution with a 
mean life of 2.24-0.05 ysec.' The large area of the detector per 
mitted collection of the cosmic-ray data in counting times of 
about 30 minutes for the complete determination. 

In the course of this work, several applications to problems of 
current interest were made. Cylindrical inserts, empty and open 
at the top, were placed in the large counter. A survey of native 
radioactive contamination of a number of shielding materials 
placed in the insert revealed that samples of stainless steel were 
very clean; mild steel was slightly active; while lead, tap water, 
and photomultiplier tubes were considerably contaminated. A 
live dog was lowered into the insert and counted before and after 
injection of a solution containing 1077 curies of radium. It was 
concluded that a radium content of about 5X10~* curies could 
have been detected. By doubling up, a human being could be low- 
ered into the counter which covered almost all of the solid angle. A 
number of people, men and women, were thus counted, with 
counting rates well above background. A water “human phantom” 
was made and a potassium salt dissolved in it. A counting effi- 
ciency of 10 percent for K* in this geometry was found. The 
counting rates from the human beings agreed well in most cases 
with the rate expected from the potassium in their bodies. Studies 
of neutron shielding external to the detector were also done. 

It is, of course, clear that phenomena which are distinguished 
by two or more events in delayed coincidence can be considered 
for study by means of such large detectors, and various inserts 
can be employed where needed, for instance, in the individual 
counting of the two gamma-rays from positron annihilation. De- 
tailed discussions of investigations with the large detectors will 
be published in due course. The authors wish to thank L. Brown, 
R. Schuch, and Captain W. A. Walker for their assistance in the 
construction and testing of the detectors, C. W. Johnstone for 
the design of the electronic equipment, and T. J. White and 
D. Carter for help in computations. 

* This work is being performed under the auspices of the U. S. Atomic 
Energy Commission 


1 This value is in agreement with the results of E. P. Hincks and W. E. 
Bell, Phys. Rev. 84, 1243 (1951); 88, 168 (1952) 


The Mechanism of the Reaction 
O''+ hy—4He‘t 


C. A. Hs1ao ann V. L. TELEGDI 


Institute for Nuclear Studies and Department of Physics, 
University of Chicago, Chicago, Illinois 


(Received March 16, 1953) 


LTHOUGH o(/v) for the reaction O'"(y,a@)3 Het has re- 
cently been reported! for quanta up to 70 Mev on the basis 
of 700 “oxygen stars” observed in nuclear emulsions, little is 
known about the mechanism of this reaction and, in particular, 
whether and which excited states of C and Be’ are involved as 
| 


intermediate steps in a cascade: 


* . 
»Be**(Be*)+a2; 


(c) Be**(Be®) 


(a) O'%+-hy>C"*+a,;  (b) C* 
razstay. (1) 


For kv <23 Mev, Goward and Wilkins? have concluded from 66 
stars that ~50 percent of the events lead to the ground state of 
Be’ via a 9.7-Mey state in C", while Livesey and Smith’ reported 
a change of mechanism for iv >23 Mev on the basis of 83 events 
The behavior around 25 Mev is of particular interest, as it is 
there that the selection rules imposed by charge independence‘ 
predict a radical change in mechanism. 

We present here some preliminary results derived from 230 
stars observed in 400-u Ilford £1 plates irradiated with 48-Mev 
bremsstrahlung. The insert in Fig. 1 shows the energy distribution 
N(Er) of these events (Er=2,'Eai=hv—14.43 Mev). There is 
some indication of peaks corresponding to the “level absorption” 
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Fic. 1. (a) Experimental E* distribution from events with Er >8 Mev; 
(b) experimental E* distribution (histogram) from events with E7>10 
Mev and calculated distribution curve tor Ec* =16 Mev, Epe* =3 Mev. 
Insert: N(E7) of analyzed events 


as reported by other workers!’ with better statistics; the location 
of peaks given by reference 1 is indicated by arrows. 

For a cascade mechanism (1) proceeding via a C level of Ec* 
excitation, one has 


Ec* = hv— | Ba| —4E,/3= Er | Bo| —4£,/3, (2) 


where £, = energy of a;, Bg = binding energy in step a, By = binding 
energy in step 6. Applying (2) to all four FE; (i=1,---4) of any 
event a significant F¢* and three spurious Ec* values are obtained. 
The distribution N(E¢*) of these 4n Ec* values from m events 
will exhibit a peak (or peaks) at the Ec* of the level(s) involved, 
superimposed on a continuum corresponding to ae, a3, and ay. 
Knowing N(E7), the shape of this continuum can be calculated 
from the dynamics of the problem upon assuming values for Ec* 
and Epe*. Figure 1(a) shows N(E¢*) for 209 stars with Erp>8 
Mev (i.e., Av >22.4 Mev). It displays a very prominent peak at 
Ec*=16 Mev and a minor one at Ec*13 Mev, while nothing 
corresponding to a 9.7-Mev level appears. Equation (2) shows 
that Er 28.7 Mev+Coulomb barrier is required to excite a level 
at 16.0 Mev; we have therefore redrawn the distribution N(Ec*), 
as shown by the histogram in Fig. 1(b), considering now only 
events with E7>10 Mev. This histogram shows a single peak 
near 16 Mev, while the peak at 13 Mev has disappeared. An 
N(£c*) histogram for the events with 8 Er<10 Mey, not re- 
produced here, confirms that a level at about 13 Mev (probably 
the known! level at 13.2 Mev) participates strongly in this energy 
range. 

The dotted curve in Fig. 1(b) is the continuum distribution to 
be expected if one assumes Ec*=i6 Mev, Epe*=3 Mev, and the 
absence of angular correlations in either step of the cascade. 
Superimposing a peak corresponding to a 16-Mev level of 1.8- 
Mev experimental half-width leads to the full drawn curve in 
excellent agreement with experiment. 
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Assuming this agreement to signify that the reaction proceeds 
indeed, for ky >~25 Mev, via C and Be? levels near the above 
energies, we are forced to conclude that it suddenly ceases to go 
through the levels involved at lower energies which should 
energetically be favored. 

This situation is easily understood‘ if one assumes (a) E1 ab- 
sorption, in O'%, in this energy range, (b) charge-independence of 
nuclear forces, and (c) one or more levels of 7=1 in C" near 16 
Mev. Assumption (c) is plausible, inasmuch as the carbon levels 
at 15.09 Mev and 16.07 Mev correspond probably to the ground 
and first excited states of B", respectively. £1 absorption in O', 
a self-mirrored nucleus, should lead only to 7=1 states, which 
cannot rapidly decay by a’s except to T=1 levels in C. The 
latter can decay by a-emission through small 7 =0 “admixtures,” 
if no other particle emission competes. 

Six events appear to go by a cascade mechanism as predicted 
in reference 4 (Eo*™26.5 Mev, Epe*™17 Mev); 3 of these are, 
however, also compatible with Eco*=16 Mev. 

The present data do not enable one to resolve the peak near 
16 Mev into two peaks separated by only 1 Mev, nor to determine 
the anomalously small true width which these ought to have. This 
would be required to prove fully the correctness of our explanation. 

A further problem is raised if more detailed experiments con- 
firm that for 8<Er7<10 Mev the level at 13 Mev is strongly pre- 
ferred to lower-lying C! levels. Since for E<15 Mev all levels 
have T=0, this preference cannot be attributed to charge inde- 
pendence. It is as mysterious as the preferential a-decay of the 
16.07-Mev state to the 3-Mev level of Be’, assumed here and 
observed in C!2(y, a)Be** and other reactions.® 

An interesting consequence of our hypotheses is that the 0'8 
levels above 25 Mev suggested by o(/yv) of reference 1 ought to 
have J=1-, T=1. 

We hope to present a more detailed report, based on improved 
statistics, in the near future. 


+t Work assisted by contract with the U. S. Office of Naval Research, 
1F, K. Goward and J. J. Wilkins, Proc. Phys. Soc. (London) A65, 671 


.. Livesey and C. L. Smith, Proc. Phys. Soc. (London) A6S, 758 


4M, Gell-Mann and V. Telegdi, Phys. Rev. (to be published). 
*F, Ajzenberg and T. Lauritsen, Revs. Modern Phys. 24, 321 (1952). 
6M. Eder and V. Telegdi Helv. Phys. Acta 25, 55 (1952). 


Movable Critical Points of a Nonlinear 
Wave Equation 
T. Tietz 


Torun University, Torun, Poland 
(Received February 16, 1953) 


MOVABLE critical point of nonlinear differential equation 
is a branch point or an essential singularity, the position of 
which depends on the constants of integration and so is not fixed. 
Since the presence of movable critical points greatly complicates 
the solution of an equation, it is of some interest to see if known 
necessary conditions for their absence! are violated in a particular 
case. We consider here the nonlinear wave equation discussed by 
Schiff and Thirring 3 
O¢—r*o—n¢'=0. (1) 
Both Schiff and Thirring are satisfied with approximate solu- 
tions, because of the impossibility of separating variables. Heisen- 
berg‘ considers a simplified form of Eq. (1), in which a single 
Cartesian coordinate x and the time ¢ are the independent vari- 
ables. He finds Lorentz-invariant solutions by introducing a 
single new variable s=?f—x*. With »=0, he shows that Eq. (1) 
reduces to Bessel’s equation of order zero in the variable xs?. 
With »#9, we now show that Eq. (1) is not free of movable 
critical points. The substitution ¢=(8s/||)#f(s) puts Eq. (1) 
in one of Ince’s standard forms :° 


f= —2f'/st2ft— (1402s) f/45?, (2) 
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where the upper sign is for »<0 and the lower sign for »>0. It 
is apparent that the necessary condition for the absence of mov- 
able critical points is not satisfied if 7 >0. With » <0, the condition 
is satisfied only if there exists a function g(s) such that: 
f"=—3¢f' +2f?—(q'+2¢)f. f (3) 

Comparison of Eqs. (2) and (3) shows that no such function g({s) 
exists. There is then no existence proof for the solution of Heisen- 
berg’s one-dimensional Lorentz-invariant simplification of Eq. (1). 

1E. L. Ince, Ordinary Differential Equations (Dover Publications, New 
York, 1946), Chap. XIV. 

?L. I. Schiff, Phys. Rev. 84, 1 (1951). 

§W. Thirring, Z. Naturforsch. 7a, 63 (1952). 


‘W. Heisenberg, Z. Physik 133, 65 (1952). 
* Reference 1, Sec. 14.315, pp. 333-334. 


Synchrocyclotron Production and Properties 
of Magnesium 28} 


Joun W. Jones AND TRUMAN P. KOHMAN 


Department of Chemistry, Carnegie Institute of Technology, 
Pittsburgh, Pennsylvania 
(Received March 19, 1953) 


HELINE and Johnson! have recently reported producing 

Mg*® with a half-life of 21.34-0.2 hours by the reactions 
Mg"*(a@, 2p)Mg?* and Si®(y, 2p)Mg?*. Prior to learning of these 
results, we had bombarded a target of silicic acid with 350-Mev 
protons in the Carnegie Institute of Technology synchrocyclotron 
in a search for the product of the reaction Si*°(p, 3p)Mg**. We 
confirm the identification of this nuclide. 

The target consisted of 2 grams of silicic acid wrapped in 
aluminum foil. Ten milligrams of magnesium carrier were added, 
and the silica was leached out four times with 6N NaOH. The 
residue was dissolved in HCI, buffered to pPH~5 with acetic acid 
and sodium acetate, and repeatedly scavenged by addition of 
aluminum carrier and precipitation with 8-hydroxyquinoline. 
Magnesium was precipitated by the addition of ammonia and 
8-hydroxyquinoline, dissolved with HNO ;, and _ precipitated 
twice as MgNH,PO,:-6H,0. 

We derive a half-life for Mg®* of 22.1+0.3 hours from a decay 
curve covering over seven half-lives. Since this differs significantly 
from the value of Sheline and Johnson, we mention that the 
nonlinearity corrections for the Geiger counter used were deter- 
mined carefully by the method of multiple paired sources.? 
Aluminum fractions, separated from the magnesium as the 8- 
hydroxyquinolate, exhibited a 2.4-minute half-life characteristic 
of Al*, 

Aluminum absorption curves of the Mg**—Al* equilibrium 
mixture could be resolved into only two electronic components 
of ranges 65 and 1450 mg/cm*. The latter corresponds well with 
the 2.86-Mev® beta of Al?*; and the former, which represents a 
maximum heta-energy of 0.3 Mev, we assign to Mg*®, 

Both Mg** and Al** have a comparative lifetime (ft) of ~105 
seconds, corresponding to allowed transitions. The unobserved 
ground-state transition between Al?’ and Si** is presumably second 
forbidden, and the ground-state transition between Mg** and Al?’ 
would be expected to be similarly forbidden. Hence the decay of 
Mg”* must be to an excited state or states of Al**, with conse 
quent gamma-emission. Accordingly, we examined the gamma- 
radiation from the equilibrium mixture with a NaI(TI) scintilla 
tion spectrometer. In addition to the known 1.78-Mev* gamma of 
AP’, several other gammas were found to be present, with energies 
extending to at least 2.6 Mev. The total disintegration energy of 
Mg” thus appears to be at least 2.9 Mev. Al** is known‘ to have 
about a dozen excited states within ~3 Mev of its ground state 
Further work is needed to establish the complex disintegration 
scheme; we have been forced to discontinue our experiments 
temporarily by a shutdown of the cyclotron. 

In each of two one-hour bombardments the yield of Mg®* was 
about 8X 10° disintegrations per minute. The circulating current 





496 LETTERS “TO 
was believed to be ~0.2 microampere, but the effective bombard- 
ing current may have been severalfold greater because of multiple 
traversals of the target. On the basis of comparative yields, the 
cross section appears to be ~10™ barn. 

Sheline and Johnson have mentioned the potential significance 
of Mg* as a tracer, particularly in photosynthesis and general 
biochemistry. It should also be of value in the investigation of 
metallurgical systems, of geochemical problems, and of organo- 
magnesium compounds such as Grignard reagents. While the 
above yield is not great, it is ample for producing a tracer for 
experiments of several days duration. We plan to seek target 
materials and conditions that will give higher yields and to de- 
velop chemical procedures for isolating Mg*®* in carrier-free 
condition. 

+ This work has been supported by the U. S. Atomic Energy Commis- 
sion. We thank the staff of the Carnegie Nuclear Research Center for their 


cooperation in the use of the synchrocyclotron and the scintillation 
spectrometer. 
R. K. Sheline and N. R. Johnson, Phys. Rev. 89, 520 (1953). 

?T. P. Kohman, Anal. Chem. 21, 352 (1949); The Transuranium Ele- 
ments; Research Paper (McGraw-Hill Book Company, Inc., New York, 
1949), Paper No. 1655, National Nuclear Energy Series, Plutonium Project 
Record, Vol. 14B, Div. IV. 

4H. T. Motz and D. E. Alburger, Phys. Rev. 86, 165 (1952). 

4 Enge, Buechner, and Sperduto, Phys. Rev. 88, 963 (1952). 


The Density Distribution within Two Meters of 
Large Air Shower Axes* 
R. E. HEINEMAN AND W. E. HAZEN 


Randall Laboratory, University of Michigan, Ann Arbor, Michigan 
(Received March 16, 1953) 


ETAILS of the lateral structure of individual air showers 

have been observed! by using a 20-channel electron-pulse 
ionization chamber which took 20 density samples from each 
shower. The geometry is shown in plan in Fig. 1, where each 
area represents the region from which an individual collecting 
wire gathered electrons. The pulses were separately amplified, 
displayed on 20 cathode-ray tubes, and photographed. The last 
stage of amplification was made nonlinear so that a large range of 
densities could be accurately measured. Amplifier calibrations 
were made by pulsing the shell of the chamber and stability of 
gain proved satisfactory. The absolute value of ionization was 
determined in the customary manner from Po a-particle ioniza- 
tion. Precautions such as purification of the argon, experimental 
and theoretical evaluation of the pick-up between detection areas, 
etc., were taken. The recording system was actuated by a fourfold 
coincidence in a simple Geiger-counter array. 

During 109 hours of operation at an altitude of 280 meters, 
events were recorded in which the density distributions over the 
array of wires in the chamber were of the following types: (1) flat 
with only small fluctuations from the average (consistent with 
those expected from the statistics of independent events) (events 
3 and 4); (2) increasing or decreasing functions (event 9); (3) 
markedly peaked (events 5 and 8) ; and (4) flat with rather marked 
and systematic fluctuations from the average (event 13) (see 
Figs. 2 and 3). These events have been interpreted, respectively, 
to be the result of showers whose axes hit (1) relatively far away 
from the chamber; (2) near the end of the chamber with small 
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Fic. 1. Plan of the detection areas. 
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Fic. 2. Individual showers; number of electrons Ni within the detection 
areas versus position of the areas. In 3 and 4 the dotted lines represent 
(Not and the dashed lines o¢, the rms deviation from the average. The curve 
in 9 represents a shower of local size Il =3.5 X10‘ electrons with 6=28.5 
cm. The curve in 5 represents Il =5.6 X10® with 6 =23.5 cm. 


values of 5; (3) inside the chamber collecting area; and (4) inside 
the chamber with multiple shower cores due to more than one 
initiating +® meson. These four classifications are not sharply 
defined and showers of intermediate types were observed. 

The first interest in these events is that of viewing for the 
first time a detailed “display” of an air shower. The scientific 
interest is twofold: (a) what is the shape of the lateral distribution 
function for a single cascade shower, and (b) what is the evidence 
for a multiplicity of cores, especially a multiplicity attributable 
to a multiplicity of #® mesons? In answering (a) we are forced to 
assume a distribution and look for consistency because of the 
finite detector areas, the transition effect in the top of the cham- 
ber, and the variation in 6 (see Fig. 1) from event to event. As a 
first approximation, the chamber response curves fitted to each 
event were constructed (including transition effect) from lateral 
distribution functions that were obtained from existing shower 
theory results. The distributions were obtained as functions of 
electron and photon energies for air and for distances within 10 
meters of the shower axis.' The electron distributions are perhaps 
dependent upon better approximations than those used by 
Moliére, (e.g., the number of low energy electrons is certainly 
treated better) but the resultant total distribution function was 
the same as that found by Moliére.2 The experimental results 
appear to require no drastic revision of our total distribution 
function. 

In answering (b) it is necessary to consider the expected non- 
Poissonian fluctuations in the density distribution near the axis 
of a single-cored shower and also the effect of r® decay. It has been 
demonstrated! that neither of the two considerations provides a 
likely explanation of the auxiliary peaks in events 5 and 9. Events 
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Fic. 3. Individual showers. Event 8 is the largest event observed. In 
13, a curve compounded from two showers indicates the effect of super 
position; this event is believed to be a close hit because of its size, the fact 


o is nearly twice (Ni)§, and the systematic character of the “fluctuations.” 


3 and 4 were the largest of their type and confirm (at least in the 
case of distant events) the prediction! that the fluctuations in Ny 
expected in this experiment are 1.154/N; (the 1.15 arises from the 
transition effect). 

An event such as 13 is particularly difficult to interpret except 
in terms of separated cores generated by different ® mesons. 

* Supported in part by the joint program of the U. S. Office of Naval 
Research and the U. S. Atomic Energy Commission. 


1R. E. Heineman, thesis, University of Michigan, 1952 (unpublished). 
*G. Molié@re, Cosmic Radiation (Dover Publications, New York, 1946). 


The Neutron-Electron Interaction* 
D. J. HuGcues, J. A. Harvey, M. D. Go_LpBERG, AND MARILYN J. STAFNE 


Brookhaven National Laboratory, Upton, New York 
(Received March 10, 1953) 


FTER it was pointed out by Foldy! that approximately 

4000 ev (well depth for e?/mc* range) of the neutron-electron 
interaction could be attributed to the neutron moment, it was 
clear that more accurate measurements were necessary in order 
to isolate the electrostatic dissociation effect arising from the 
meson charge distribution. At this time an experiment was al- 
ready under way at Brookhaven designed to increase the experi- 
mental accuracy by means of mirror reflection of neutrons. Previ- 
ous measurements had utilized the variation of scattering cross 
section with angle? or with wavelength? to detect the form factor 
behavior of the electron scattering The observed effects in each 
case were small and of the same order of magnitude as various 
corrections. Since the form factor is exactly unity for mirror re- 


THE EDITOR 497 
flection, however, the neutron-electron scattering is observed at 
its maximum value. Fortunately, the use of a balancing technique 
makes the critical angle for total reflection a sensitive measure of 
the neutron-electron interaction. 

The experimental arrangement used was one in which the 
critical angle is measured for total reflection of long wavelength 
neutrons at the interface of bismuth and liquid oxygen. As the 
nuclear scattering (per unit volume) of oxygen and bismuth differ 
by only two percent while the electron scattering is much stronger 
in bismuth, the index of oxygen relative to bismuth is to a large 
extent determined by the electron scattering amplitude. A highly 
collimated neutren beam, Fig. 1, filtered through graphite, was 
incident on the interface at an adjustable angle of the order of a 
few minutes of arc. The critical angle was measured by techniques 
developed for other mirror experiments.‘ The measurement con- 
sists essentially of an observation of the incident angle at which 
the reflected intensity drops suddenly, this angle being the critical 
angle for the cut-off wavelength (6.7A) of the incident filtered 
neutrons. In order to determine the critical angle accurately, the 
experimental points (Fig. 1) are compared to a calculated curve 
that takes into account the finite reflectivity beyond the critical 
angle and the resolution of the incident neutron beam (about 
0.25 minutes of arc). The final value, based on several measure- 
ments similar to that illustrated in Fig. 1, is 3.64+0.04 minutes. 

The equation relating the critical angle to the coherent bound 
scattering amplitude a is 
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where N is the number of nuclei per cm’, \ the neutron wave- 
length, and the subscripts O, Bi, and e refer to oxygen, bismuth, 
and the electron. This equation consists of three parts: the first 
involving the measured critical angle, the second the coherent 
amplitudes, and the last the neutron-electron interaction. Since 
the nuclear amplitudes of oxygen and bismuth are nearly equal, 
the two terms on the right-hand side of the equation are of the 
same order of magnitude. In order to reach reasonable accuracy 
in the electron amplitude, the coherent nuclear amplitudes must 
be measured with much higher accuracy. These amplitudes are 
obtained from the free atom cross sections by application of the 
reduced mass factor and subtraction of incoherent scattering. 

It is not necessary to measure the absolute values of the free 
atom cross sections of oxygen and bismuth, for it is only the ratio 
that enters into the result in a sensitive way. This ratio was 
measured by transmission for neutrons of average energy 8 ev: 
these neutrons being produced by a boron difference measure- 
ment for a pile neutron beam. Two nearly identical beams were 
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Fic. 1. Intensity of neutrons reflected from oxygen-bismuth 
interface as a function of incident angle. 





498 LETTERS TO 
used, and the intensity was measured after passage through 
samples of oxygen and bismuth, one in each beam. The intensities 
were again measured after the samples were alternated. In this 
method the cross-section ratio was corrected for several tenth- 
percent effects still present at an energy of 8 ev: the crystal 
interference, paramagnetic scattering, residual neutron-electron 
scattering, and Doppler effects. A small correction was also made 
for the incoherent scattering of bismuth, measured by transmis- 
sion for long wavelength neutrons.® 

The numerical results, 0,=3.644+0.04 minutes and Nodo/ 
Npidpi= 1.0204+0.0008, when substituted into Eq. (1), give a, 
= 1.40 X 10~'* cm, corresponding to a well depth of 38602370 ev. 
The errors include statistics as well as uncertainty in the various 
constants in Eq. (1). Assuming the legitimacy of the Foldy effect, 
we conclude that the electrostatic meson dissociation effect can 
be no more than a few hundred volts. There have been several 
recent discussions® of possible explanations for the magnitude of 
the observed effect, but none of these seems able to account 
satisfactorily for the measured result. We wish to express thanks 
to G. W. Johnson, H. R. Muether, and R. C. Garth, who have 
been of great assistance at various stages of the work. 

* Work carried out under contract with the U. S. Atomic Energy Com- 
mission. 

1L. L. Foldy, Phys. Rev. 83, 688 (1951); references to previous theoretical 
work may be found in this paper; further discussion of the magnetic mo- 
ment contribution has been given by G. Breit, Proc. Natl. Acad. Sci. 37, 
837 (1951); B. D. Fried, Phys. Rev. 86, 434 (1952); 88, 1142 (1952); 
S. Borowitz, Phys. Rev. 86, 567 (1952); L. L. Foldy, Phys. Rev. 87, 693 
(1952). 

2. Fermi and L. Marshall, Phys. Rev. 72, 1139 (1947); Hamermesh, 
Ringo, and Wattenberg, Phys. Rev. 85, 483 (1952). 

+ Havens, Rainwater, and Rabi, Phys. Rev. 82, 345 (1951). 

4D. J. Hughes and M. T. Burgy, Phys. Rev. 81, 498 (1951); Ringo, 
Hughes, and Burgy, Phys. Rev. 84, 1160 (1951). 

6 Palevsky, Hughes, and Eggler, Phys. Rev. 83, 234 (1951). 

*L. L. Foldy, Phys. Rev. 87, 675 (1952); R. G. Sachs, Phys. Rev. 87, 
1100 (1952); G. F. Chew, private communication. 


The Gamma-Ray Cascade Following Decay of Sc*"} 

T. PorTER 

Physics Department, Washington University, St. Louis, Missours 
(Received February 13, 1953) 


CHarLes E. WHITTLE AND FRED 


HE report by Nag et al.’ that a 12-ysec state exists in Ti*® 
and their assignment of this lifetime to the first excited 
level in Ti* seem in disagreement with other reports on the angular 
correlation®™ reported for the well-known cascade in Ti* following 
the negatron decay of Sc**. We have re-investigated the question 
of y—y delay in Ti with the particular idea that perhaps the 
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Fic. 1. Delayed coincidence curves for Co® and Sc (raw data). The 
curve on the left is used to determine the effective resolving time of the 
apparatus from the accidental coincidence rate on the “‘tail” of the Co 
curve, assuming a prompt cascade. The curve on the right shows the Sc*# 
delayed coincidences. The dotted lines indicate the upper and lower limits 
for the calculated accidental coincidence rate expected for Sc** on the basis 
of the Sc** single counting rates and the measured resolving time; these 
limits reflect the uncertainty in the measured resolving time. 
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delayed coincidences found by Nag, et al.’ resulted from a weak 
and previously unidentified gamma-ray in Ti*® following 6-decay 
of Sc** to a third excited level in Ti**. Our present results do not 
support this possibility. 

A conventional delayed coincidence arrangement with a re- 
solving time of 1.3 10~* sec, employing stilbene phosphors with 
5819 multiplier tubes, was used. Integral discriminators were 
employed in slow channels for energy selection. The source was 
obtained from Oak Ridge with further chemical purification at 
this laboratory. 

The procedure involved the use of Co® and Na® as “prompt” 
standards. The delayed coincidence curve of the prompt events 
was obtained and the effective resolving time of the equipment 
calculated from the accidental coincidence rate (i.e., the “tail” 
of the prompt standard curve). The Sc* delayed coincidence curve 
was then obtained and the coincidence rate of the “tail” com- 
pared with that calculated as the accidental rate using this meas- 
ured resolving time and the single counting rates. As indicated in 
Fig. 1, the coincidence rate on the “tail’’ of the Sc* curve is the 
same as the calculated accidental rate within the statistical errors. 
Further, this result was obtained with the discriminators on the 
amplifiers set to accept pulses which correspond to events with at 
least as low an energy as 130 kev. The 137-kev gamma-ray of 
Re!®* was used for calibration. We find, therefore, no evidence for 
a state in Ti** following the B~-decay of Sc** with a lifetime greater 
than 1.5 10~® sec. The results of Nag et al.! remain unexplained. 


+ Supported by the joint program of the U. S. Office of Naval Research 


and the U.S. Atomic Energy Commision. 

1 Nag, Sen, and Chatterjee, Indian J. Phys. 24, 479 (1950); Nature 164, 
1001 (1949). 

2K, L. Brady and M. Deutsch, Phys. Rev. 74, 1541 (1948). 

§T. B. Novey, Phys. Rev. 78, 66 (1950). 

«F. Metzger and M. Deutsch, Phys. Rev. 78, 551 (1950). 


Allowed Final States for Annihilation into 
Three Photons* 


F. G. Fumi, Istituto Nazionale di Fisica Nucleare, Sezione di Milano, Italy 
AND 


L. WoLFENSTEIN, Carnegie Institute of Technology, Pittsburgh, Pennsylvania 
(Received March 13, 1953) 


ANDAU! and Yang? have discussed the consequences of 

rotational invariance for annihilations into two photons, 
and Peaslee? and Michel‘ have pointed out selection rules for 
annihilations into two and three bosons. Here we study in more 
detail the consequences of invariance under rotations and re- 
flections for annihilations into three photons, limiting ourselves 
to the symmetrical case in which three photons of equal fre- 
quency are emitted in a plane at 120° from one another, 


TaBLeE I. Transformation properties of RRR, +--+ LLL under Du.* 
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*® E =identity. Cs =rotation by 120° about axis normal to the plane of 
the photons. os =reflection in plane of the photons. a») =reflection in plane 
containing the normal to the plane of the photons and the first momentum 


vector. 


The boson nature of the photons allows the use of RRR, RRL, 
RLR, LRR, RLL, LRL, LLR, and LLL as a complete set of final 
states, where a right (R) or a left (Z) circular polatization is 
associated with each of the three momentum vectors: since the 
creation operators for bosons commute, the order in which the 
photons are created is not significant. These eight final states are 
used to construct a complete set of states which are irreducible 
representations of the symmetry group Ds, of the annihilation.* 
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TABLE II. Final states corresponding to irreducible representations of Du.* 
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* The irreducible representations A2’, As”, E’ and E”, of Ds can be identified by their characters for E, Ca, oa, and ov: 


Table I describes the basic step of the process and so fixes the 
conventions adopted; Table IT lists the results. 

The selection rules are obtained by requiring that the initial 
and final states have the same transformation properties under 
D3. One finds immediately that, for the case being considered, 
annihilation into three photons is forbidden for scalar (or pseudo- 
scalar) particles: less symmetrical annihilations into three pho- 
tons, however, are not forbidden for scalar (or pseudoscalar) par- 
ticles on the ground of rotational symmetry® but ordinarily are 
forbidden by invariance under charge conjugation.* For vector 
and pseudovector particles we consider the polarized states using 
the normal to the plane of the photons as the axis of quantization. 
The vector state with m=0 can decay only into A,” final states, 
while the corresponding pseudovector state must decay into Aq’ 
states. The only final states allowed for a vector (pseudovector) 
state with m= +1 are the states E’(E”’). 

These considerations are of interest in connection with experi- 
ments’ on the three-photon annihilation of the *§ state of posi- 
tronium, a vector state. This encourages a study of some ob- 
servable properties of the final states 4,’ and E’ by expanding 
them in plane-polarized components. The results are given in 
Table III, where those for E’ correspond to a statistical mixture 


TABLE III. Polarization probabilities for the A2’’ and E’ states.* 
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*®P(1) [or P(||)] is the probability that one photon be observed po- 
larized perpendicular to the plane of the photons (or in the plane). P’( 1) 
for P’(||)] is the probability that when one photon is observed polarized 
normal to the plane, one of the other two be observed polarized normal to 
the plane (or in the plane), 


of the initial states with m=1 and m=—1, and agree with re 
sults of a perturbation calculation by Drisko.§ The A,’ state, 
RRR+LLL, has not been considered since it does not occur in 
the lowest order perturbation calculation; however, we have found 
no fundamental reason for excluding it. It should also be noted 
that to predict the results of experiments with the unpolarized 
vector state, it is necessary to know the ratio of the symmetrical 
decay cross section for m=0 and m= +1 states, and this cannot 
be determined from invariance arguments such as we have given. 

It is a pleasure to thank Mr. R. Drisko for discussing his results 
with us and letting us quote them prior to publication and to 
thank Professor H. C. Corben, Fulbright Visiting Professor at 
the University of Milan, for useful discussions. 

* A preliminary report on this work was presented by one of us (F.G.F.) 
to the Seminario Matematico e Fisico di rae January 28, 1952. The 


work was completed during the stay of F. G. at Carnegie Institute of 
Technology in 1952. 
1L. Landau, Doklady Akad. Nauk. S.S.S.R. 60, 207 (1948). 
| 2C. N. Yang, Phys. Rev. 77, 242 (1950). 
4D. C. Peaslee, Helv. Phys. Acta 23, 845 (1950) 
4L. Michel, Compt. rend. 234, 703 (1952); 234, 2161 (1952). 
§@* The notation is the same as that of J. E. Rosenthal and G. M. Murphy, 
Revs. Modern Phys. 8, 317 (1936). 
*L. Wolfenstein and D. G. Ravenhall 
7S, DeBenedetti and R. Siegel, Phys. Rev 
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Secondary Particles Resulting from 375-Mev 
Alpha-Bombardment of Nuclei 


R. W. Devutscu 


Radiation Laboratory, Department of Physics, University of California; 
Berkeley, California 


(Received March 11, 1953) 


PROGRAM has been undertaken to analyze the secondary 

particles which result from high energy bombardment of 
nuclei. In the present experiment, thin targets of Be, Al, Ni, Ag, 
Au, and U have been bombarded by 375-Mev alpha-particles of 
the 184-inch cyclotron. Secondary particles then spiral down into 
Ilford C2, 200u nuclear track plates which are located at three 
positions below the median plane of the cyclotron. The description 
of the apparatus can be found in reference 1. The analysis of the 
secondary particles is similar to that found in reference 1. 

Table I shows the secondary particles with which we are con- 
cerned and their mean energies in each position. 

Table Ii shows the results obtained. Each element 
malized to 100 percent for the number of particles found per 
unit solid angle per unit radius of curvature interval. 

The hydrogen and helium isotopes are identified individually. 
For the heavier isotopes, only Li* and B* could be resolved in 
each position. They are recognizable because of the characteristic 
hammer at the end of the range. Li? could be identified only in 
the 42-46 cm position. Li® and Be’ form a common locus which 
is separable in each position although there is possible con- 
tamination by carbon isotopes in the 21-24.5 cm position. For 
the remaining heavy secondary particles, there was overlapping 


is nor- 


TaB_e I. Mean energies of secondary particles in Mev. The target thick 
ness in mg/cm? for each element was the following: Be (8.67), Al (1.67), 
Ni (8.10), Ag (12.8), Au (11.7), U (23.0). No correction for target thickness 
has been made. It is significant for particles of short range. 
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TABLE II. Abundance distribution of products 
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Each element has been normalized to 100 percent for the number of particles found per unit solid 


angle per unit radius of curvature interval. The actual number of tracks found are in brackets and are listed below the percentages in each case. 


Radius of curva 
ture interval 42-46 cm 
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of ranges so that separation could only be made by groups in the 
42-46 cm position and the 29-32.5 cm position. Carbon was the 
highest atomic number considered because the range-energy rela- 
tions have not been verified for higher atomic number. However, 
higher atomic number could possibly fall into groups II and III 
in the 42-46 cm position and into groups I and II in the 29-32.5 
cm position. 

The minimum range accepted was 9 microns. All tracks that 
had a range greater than 9 microns but still too short to fall on a 
calculated locus were put in the “not classified’ group. The resolu- 
tion for the separation of the heavy isotopes decreases with energy 
so that in the 21-24.5 cm position only Li® and Be? could be 
separated, while all the rest fall into the “not classified’’ position. 
The 9-micron criterion eliminated very little information for the 
light elements, but for Au and U there were many tracks that 
were shorter. These doubtless included fission fragments. 

The analysis of the results of this experiment are still in a pre- 
liminary stage. Similar experiments are being done with the same 
targets, but high energy protons and deuterons are being used 
as the bombarding particles. An angular distribution measure- 
ment using high energy alphas is also being made in order to 
separate the instantaneous emission of particles from the struck 
nucleus from the slow boiling off process. 

The results of this experiment and reference 1 indicate that 
fragments of A>4 are emitted from nuclei with high momenta. 
Dr. L. Alvarez has suggested as a possible mechanism that these 
heavy fragments are not created in the initial bombardment but 
are subsequently formed by the fission of resultant nuclei left in 
excited states. 

I am particularly indebted to Dr. W. Barkas for his aid in 
guiding this entire program. I wish to thank Esther Jacobson for 
having scanned most of the plates. 

1W. Barkas and H. Tyren, Phys. Rev. 89, 1 (1953). 


Dysprosium 157 
Tuomas H, HANDLEY AND ELMER L. OLSON 
Oak Ridge National Laboratory, Oak Ridge, Tennessee 
(Received March 18, 1953) 


N 8.2+0.1-hour activity has been obtained by bombarding 
highly purified terbium oxide with 24-Mev protons in the 
ORNL 86-inch cyclotron.’ Separations were made by ion ex- 
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change? and two radioactive species were found with the dys- 
prosium fraction. There was an 8.2+0.1-hour activity from the 
(p, 3n) reaction and a 134-day activity from the (p, m) reaction 
on Tb!**, The 134-day activity is Dy'®*, as previously reported,’ 
and decays by pure electron capture. 

A rough excitation function was run to aid in establishing the 
reaction and mass assignment for the 8.2-hour activity. This was 
done by wrapping a number of 5-mg samples of Tb,Os in thin 
aluminum foil and making a stack of these with aluminum ab- 
sorbers interspaced to adjust the proton energy. The method 
proved to be sufficient to differentiate between (p, ), (p, 2m), and 
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Fic. 1, Excitation function. 
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Fic. 2. Gamma-spectrum of Dy!*’ 

(p, 3n) reactions. From Fig. 1 the high threshold of 19+1 Mev 
indicates a (p, 3m) reaction, thus assigning the 8.2-hour activity 
to Dy'*’. The ratio of Dy'®? to Dy'®® activity is approximately 
700, if one assumes equal counting efficiencies. This indicates a 
cross-section ratio of about 1.8, which agrees reasonably with 
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what might be expected from the (p, 3m) and (p, m) reactions. It 
completely excludes the possibility that the 8.2-hour activity 
might be due to an impurity or any reaction other than (f, m), 
(p, 2n), or (p, 3n). 

The gamma-spectrum of Dy'*’, Fig. 2, shows a photopeak and 
a Compton scattering peak of a 325-kev gamma-ray and a 42.5- 
kev peak corresponding to Tb or Dy x-rays. Decay of these peaks 
was followed. The 325- and 177-kev peaks decayed with an 8.2- 
hour half-life while the 42.5-kev peak decayed into two com- 
ponents, 8.?-hour activity and 14-day activity, Dy™*. No betas 
or electrons were detected on running a beta-spectrum. 

The Dy'®? 8.2-hour activity was allowed to decay and another 
spectrum obtained, showing the presence of only the Tb x-rays 
of Dy'®*. Decay of this long-lived activity, followed for 120 days, 
has a slope corresponding to a 134-day half-life of Dy'®*. 

One radioactive species was found with the Tb fraction from 
the ion exchange separation; this was identified as 74-day Tb'®, 
formed by (n,y) on Tb'®*. Previous experiments have shown 
that a neutron flux adequate for this reaction is readily obtained 
from proton bombardment of the metal foils in which the Tb205 
was wrapped. Decay of this species has also been followed for 
120 days. If the half-life of Tb'®’ is 4.7 days as previously re- 
ported,‘ its decay would have been observed. Also the 1.4-Mev 
gamma associated with the reported 4.7-day activity was not 
observed. The half-life of Tb'®’, daughter of Dy'”’, is either short, 
<30 minutes, or greater than 100 years. If it is assumed that Tb!” 
is in equilibrium with Dy'*” when the separation is begun, calcula- 
tions show that an upper limit of 30 minutes may be placed on 
Tb’, The Dy'®’ 8.2-hour activity of the order of 107 cpm was 
allowed to decay and another separation was made by ion ex- 
change. From counting rates obtained for the Tb and Dy frac- 
tions, a lower limit of 100 years can be placed on the half-life of 
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